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Abstract 

V 

Laser  resonance  saturation  represents  an  extremely  rapid  and  efficient 
new  method  of  coupling  laser  energy  into  either  a  gas  or  plasma.  We  have 
continued  to  study  this  process  both  theoretically  and  experimentally 
and  have  shown  that  this  interaction  can  lead  to  a  very  high  degree  of 
ground  level  burnout  for  the  laser  pumped  species.  During  the  past  year 
we  have  undertaken  the  first  time  resolved  Stark  width  measurements  of 
the  free  electron  density  within  a  sodium  plasma  created  by  laser  resonance 
saturation.  Currently  we  are  exploring  the  feasibility  of  using  this  ground 
level  burnout  feature  as  the  basis  of  a  new  approach  towards  the  development 
of  an  efficient  short  wavelength  laser.  In  a  preliminary  experiment  we  have 
been  able  to  show  that  sudden  joule  heating  of  a  thin  foil  looks  promising 
as  a  technique  for  creating  the  steep  gradient  of  neutral  atoms  necessary 
for  charge  exchange  formation  of  a  ground  level  population  inversion  within 
the  species  having  suffered  a  ground  level  burnout  through  laser  resonance 
saturation. 
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RESEARCH  OBJECTIVES 


The  main  thrust  of  our  current  research  program  has  been  to  study  two 
aspects  of  a  new  approach  towards  the  development  of  a  relatively  efficient 
short  wavelength  laser.  This  approach  is  based  on  the  rapid  burnout  of  the 
ground  level  population  of  a  suitable  species  to  the  point  where  it  becomes 
possible  to  think  in  terms  of  creating  a  ground  level  population  inversion 
and  thereby  the  development  of  a  short  wavelength  laser  of  high  quantum 
efficiency. 

Laser  saturation  of  an  atomic  resonance  transition  has,  in  recent 
years, ^  become  recognized  as  a  new  form  of  laser  interaction  that  is 
capable  of  rapidly  and  efficiently  producing  near  total  ionization  of  the 
laser  pumped  species.  Our  first  objective  is  to  evaluate  the  potential  of 
this  laser  ionization  based  on  resonance  saturation  LIBORS  process  to 
efficiently  attain  a  high  degree  of  ground  level  burnout  and  thereby  provide 
conditions  that  are  conducive  to  the  formation  of  a  ground  level  population 
inversion.  Our  second  objective  is  to  study  how  best  to  create  such  a 
ground  level  population  inversion.  Initially  we  are  considering  an  approach 
based  on  a  combination  of  rapid  cooling  and  charge  exchange  collisions  with 
the  atoms  of  a  dense  neutral  cloud. 


STATUS  REPORT 


In  order  to  make  full  use  of  laser  resonance  saturation  it  is  important 
to  attain  a  comprehensive  understanding  of  this  interaction.  Of  special 
interest  is  the  limitation  to  the  degree  of  ground  level  burnout  that  can  be 
achieved, for  the  greater  the  degree  of  burnout,  the  easier  it  should  be  to 
create  a  ground  level  inverted  population  (GLIP) . 

During  the  past  year  we  have  made  good  progress  in  this  connection.  We 
have  undertaken  the  first  time  resolved  measurements  of  the  electron  density 
within  a  sodium  plasma  created  by  laser  resonance  saturation.  These  Stark 
broadening  measurements  have  confirmed  that  near  total  ionization  has  been 
achieved  and  provide  us  with  a  means  to  determine  the  efficiency  of  the 
ionization  process.  These  measurements  will  shortly  be  augmented  by  a  new 
technique  called  SHADO  (for  Spectral  Hole  Atom  Density  Observation).  This 
technique  has  been  specifically  devised  to  measure  the  residual  ground  level 
density  in  the  burnout  phase  of  the  LIBORS  interaction  as  Stark  measurements 
alone  are  inappropriate  for  determining  the  degree  of  ionization  once  it 
exceeds  about  95%. 

During  the  past  year  we  have  also  studied  the  possibility  of  utilizing 
charge  exchange  collisions  for  the  purpose  of  creating  a  GLIP  within  the 
laser  burned  out  species  and  have  developed  a  criterion  for  estimating  the 
steepness  of  the  density  graddp^t  required  to  achieve  this  goal.  We  have 
also  initiated  an  experimental  pi'ogram  aimed  at  producing  a  dense  atomic 
cloud  with  the  required  steep  density  gradient. 

Since  the  degree  of  ground  level  burnout  attained  through  LIBORS  is  an 
important  parameter  in  determining  the  steepness  of  the  density  gradient  for 
the  neutral  cloud,  we  have  extended  our  steady  state  analysis  to  doubly 
ionized  boron  —  a  prime  candidate  for  the  charge  exchange  interation.  Lastly, 
we  have  been  able  to  show  in  a  rather  elegant  manner  that  laser  stimulated 
inverse  radiative  autoionization  cannot  be  used  to  create  a  GLIP,  see  Appendix  A. 
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1.  LASER  ABSORPTION  KITH  SPECTRAL  HOLE  BURNING 


Hen 

In  our  earlier  work  on  the  attenuation  of  laser  energy  tuned  to 
overlap  the  589  nm  resonance  transition  of  sodium  atoms  we  developed  a 
spectrally  integrated  radiation  transport  analysis  to  account  for  the 
observed  dependence  of  the  laser  energy  absorption  upon  the  sodium  vapour 
density  and  the  incident  laser  energy.  Although  this  analysis  describes 
the  behaviour  at  low  values  of  laser  energy  it  appeared  inadequate  at 
higher  energies.  During  the  past  year  we  have  extended  this  theory  to 
include  both  the  transition  absorption  profile  and  the  finite  bandwidth 
of  the  laser  pulse.  Our  analysis  reveals  that  although  spectral  hole 

r  191 

burning  is  likely  to  have  been  substantial  in  our  experiments,  1  never¬ 
theless,  our  simple  theory  appears  to  have  been  adequate  to  describe  the 
variation  of  absorbed  laser  energy  with  incident  laser  energy  provided  the 
incident  laser  energy  was  insufficient  to  create  appreciable  excitation  and 
ionization. 

This  analysis  has  been  prepared  into  the  form  of  a  paper  and  has  been 
accepted  for  publication  in  the  Journal  of  Quantitative  Spectroscopy  and 
Radiative  Transfer.  A  copy  of  which  is  appended  to  this  report  as  Appendix 
B  and  therefore  will  not  be  discussed  further  in  this  section. 


2.  METHOD  OF  MEASURING  THE  GROUND  LEVEL  BURNOUT  FACTOR 


Our  work  on  spectral  hole  burning  discussed  above  (and  presented  in 
full  in  Appendix  B)  led  us  to  consider  this  effect  as  a  means  of  measuring 
the  degree  of  ground  level  burnout  achieved  through  laser  resonance  saturation. 
We  propose  to  use  a  nitrogen  pumped  ring  dye  laser  to  provide  us  with  a  short 
(;<  5  nsec)  broad  band  pulse  of  radiation  tuned  to  overlap  one  of  the  resonance 
transitions . 

If  the  laser  spectral  irradiance  of  this  probe  pulse  is  below  the 
value  necessai'y  for  saturating  the  transition  then  Bcer-Lambert ' s  law 
applies  and  we  can  write  for  a  beam  traversing  a  diameter  of  our  disc 
shaped  vapour  zone. 


I(v,R)  =  I(v,-R)exp 


R 

Nj  (r)oo(r)l,(v,r)dr 
-R 


(1) 
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where  I(v,R)  is  the  spectral  irradiance  leaving  the  vapour  region  at 
radius  R, 

I(v,-R)  is  the  spectral  irradiance  incident  upon  the  vapour  region 
at  radius  -R, 

(r)  is  the  ground  state  population  density  at  radius  r  within 
the  vapour  zone, 

L(v,r)  is  the  normalized  atomic  line  profile  function  [i.e., 

£(v,r)/£(vo>r) ]  at  radius  r  within  the  vapour  zone,  and 

0o(r)  is  the  absorption  cross  section  at  the  line  centre  frequency 

at  radius  r  within  the  vapour  zone,  i.e.,  aQ(r)  =  ^  Bj2£(vQ,r) . 
Alternatively,  if  the  laser  spectral  irradiance  is  close  to  (or  greater  than) 
the  saturated  spectral  irradiance  of  the  transition 


87ThV^ 

c2(l+g) 


(2) 


where  g  (=g2/g1)  is  the  degeneracy  ratio  of  the  transition,  hv  is  the  photon 
energy,  c  the  velocity  of  light,  the  radiative  lifetime  for  the  transi¬ 

tion  and  t  the  actual  lifetime,  then  an  allowance  has  to  be  made  for  the 
redistribution  of  the  two  level  population  by  the  radiation  field  of  the 
laser.  From  our  more  complete  analysis  [see  equation  (17)  of  Appendix  B] 


I(v,R)  =  I(v,-R)exp 


'R  No(r)0o(r)L(v>r)dr  ' 

l+b(r) 

-R 


(3) 


where 


J(r) 


r  N  (r)o  (r)L(v,r)dr 

0  0 

I (v, -R) L (v, r) exp 

— 

l+d(r) 

J 

-R 


(4) 


Here,  Ig  ~  Is(v)<5v(s)  where  6v[i^~^(vo)]  represents  the  effective  absorption 
bandwidth  of  the  transition.  Under  these  circumstances  NQ(r)  represents 
the  sum  of  the  population  densities  in  the  upper  and  lower  levels  of  the 
transition,  which  in  the  absence  of  other  processes  just  equals  the  ground 
level  population  prior  to  laser  irradiation. 

In  general  the  width  and  depth  of  the  spectral  hole  produced  in  the 
laser  pulse  will  depend  on  the  optical  depth  of  the  medium  at  the  wavelength 
of  concern.  This  in  turn  depends  upon  the  density  distribution  along  the 
path  of  the  laser  beam  so  that  the  greater  the  degree  of  ground  level  burnout, 
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the  narrower  and  more  shallow  will  be  the  spectral  hole.  A  complication 
arises,  however,  due  to  the  boundary  region  of  the  vapour.  In  these  end 
zones  the  lower  initial  vapour  density  will  result  in  a  smaller  degree  of 
ground  level  burnout  (see  figure  1)  and  the  possibility  arises  that  the 
greater  ground  level  population  density  existing  in  these  end  zones  could 
limit  the  measurement  of  the  degree  of  ground  level  burnout  GLB  attained 
in  the  central  region. 

As  a  means  of  evaluating  this  potential  constraint  on  the  limit  of  our 
GLB  measurement  we  have  undertaken  some  computer  simulations  for  the  low 
irradiance  probe  case.  These  calculations  take  account  of  the  Stark  shift 
and  broadening  incurred  by  the  line  as  a  result  of  the  plasma  created.  The 
results  are  presented  as  figure  2.  Here,  the  probe  laser  spectral  irradiance 
was  assumed  to  be  much  less  than  the  saturated  spectral  irradiance  I s Cv)  and 
independent  of  frequency  over  the  spectral  interval  of  interest.  The  initial 
sodium  vapour  was  assumed  to  be  uniform  with  density  N  over  a  radius  r  , 
then  to  fall  off  with  radius  according  to  the  relation 


-(r- 


No(r)  = 


N  10 
max 


ro)A 


C5) 


where  L  is  the  end  zone  scale  length.  Our  simple  LIBORS  model  was  used 
to  estimate  the  degree  of  burnout  achieved  in  the  end  zones. 

16  -3 

In  figure  1  and  the  broken  curves  of  figure  2,  N  =10  cm  , 

&  max  ’ 

rQ  =  6  cm  and  L  =  1  cm,  while  the  full  curves  in  figure  2  correspond  to  the 

same  values  of  N  and  r  ,  but  L  =  0.2  cm.  The  ionization  laser  pulse  irradi- 
max  o  _2  y 

ance  1^  was  taken  to  be  106  Wcm  z  in  figures  1  and  2.  We  can  conclude  from  figure 
that  if  we  are  satisfied  with  a  measurement  to  99.9%  ionization  (i.e.,  a  GLB 

_3 

factor  defined  as  the  ratio  of  the  neutral  to  ion  ground  level  ratio  a  ^  10  ) 

then  the  end  zone  uncertainties  should  limit  the  accuracy  of  the  GLB  measure¬ 
ment  to  about  ±25%.  However,  if  99.99%  ionization  (i.e.,  a.  >  10  )  is  to  be 

measured,  then  this  method  is  not  likely  to  be  adequate  unless  the  end  zone 
density  scale  length  L  is  very  short  (<  0.5  cm).  As  we  shall  see  later  there 
appears  to  be  some  evidence  that  the  end  zones  are  indeed  fairly  steep. 

However,  this  is  a  subject  that  will  have  to  be  further  investigated. 

At  the  time  of  writing  we  are  testing  the  specially  designed  nitrogen 
laser  pumped  ring  dye  laser  that  will  be  used  for  these  GLB  measurements  on 
the  sodium  plasma  created  within  our  LIBORS  facility. 
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3.  LIBORS  EXPERIMENTAL  PROGRAM 


E 


e 
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Within  the  past  few  years  the  literature  has  become  rich  with  papers^ 
that  involve  experimental  studies  of  laser  resonance  saturation  and  its 
consequences.  Although,  this  work  has  provided  confirmation  of  the  ioniza¬ 
tion  capability  of  this  interaction,  none  of  the  experiments  undertaken  to 
date  have  determined  the  temporal  variation  of  the  electron  density  or,  even 
more  pertinent,  the  degree  of  ground  level  burnout  achievable  through  this 
form  of  laser  interaction. 

3 . 1  LIBORS  Facility  and  Emission  Studies 

Over  the  past  year  we  have  continued  the  development  of  our  facility 
for  creating  plasmas  based  on  laser  resonance  saturation  and  undertaking 
these  important  measurements.  A  photograph  of  an  early  arrangement  is 
presented  as  figure  3,  while  the  current  configuration  of  our  LIBORS  facility 
is  schematically  illustrated  in  figure  4.  In  essence  a  powerful  flashlamp 
pumped  dye  laser  (Phase-R  Model  2100BX)  is  used  to  irradiate  a  disc  shaped 
region  of  sodium  vapour  confined  within  a  specially  designed  (heat  pipe 
action)  oven  that  provides  360°  optical  access. 

The  basic  design  of  this  oven  involves  a  set  of  upper  and  lower  heated 

plates  to  which  are  attached  two  stainless  steel  mesh  discs  that  provide 

the  capillary  action  for  the  liquid  sodium  that  is  germane  to  the  heat  pipe 

principle.  The  sodium  vapour  is  prevented  from  coming  into  contact  with 

the  windows  through  the  use  of  an  argon  buffer  region  that  is  kept  cool  by 

the  flow  of  cold  water  through  copper  tubes  positioned  outside  the  heated 

zone.  To  relieve  the  radial  stress  apparent  in  the  original  design  of  this 
(21) 

oven  we  have  incorporated  a  specially  designed  buckle.  A  close-up  view 
of  this  sandwich  oven  and  its  concomitant  water  cooling  pipes  is  presented 
as  figure  5. 

When  the  laser  is  tuned  to  one  of  the  sodium  resonance  lines  and  fires 
through  the  sodium  vapour  a  burst  of  plasma  emission  is  clearly  visible  to 
the  eye  along  the  path  of  the  laser  beam.  An  example  of  this  emission  is 
seen  in  figure  6.  The  oven  is  mounted  on  a  special  sliding  arrangement  that 
provides  us  with  the  ability  to  ti'anlsate  it  in  the  plane  of  the  laser  beam. 
This  will  enable  us  to  excite  and  view  different  regions  of  the  vapour 
without  changing  the  optical  arrangement. 
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Spectral  narrowing  and  tuning  of  the  dye  laser  is  accomplished  through 

the  use  of  three  prisms  and  a  back  reflector.  With  this  configuration  and 
-4 

a  2x10  Molar  solution  of  Rhodamme  6G  in  high  purity  methanol  an  output 
pulse  of  close  to  half  a  joule  at  589  nm  has  been  attained.  The  spectral 
width  (FWHM)  of  this  pulse  is  abou  :  0.2  nm.  If  an  intracavity  etalon  is 
used  in  proximity  to  the  output  reflector  the  pulse  narrows  to  about  0.06  nm 
(FWHM)  but  the  shot-to-shot  reproducibility  deteriorates  and  consequently  the 
etalon  was  not  employed.  The  spectral  features  of  the  laser  pulse  are 
measured  by  the  spectrometer-reticon  system  shown  in  figure  7.  Two  photo¬ 
diodes  have  been  arranged  to  monitor  the  laser  power  before  and  after 
transmission  through  the  sodium  vapour.  These  photodiodes  have  been  calibrated 
by  comparison  with  an  energy  meter. 

The  emission  from  the  laser  produced  plasma  is  monitored  by  three  photo¬ 
multipliers.  Two  are  involved  in  evaluating  the  temporal  behaviour  of  the 
free  electron  density  by  means  of  a  Stark  width  measurement  of  a  specific 
emission  line,  while  the  third  is  used  in  conjunction  with  a  Heath  monochro¬ 
mator  to  monitor  the  emission  at  various  wavelengths.  The  experimental 
arrangement  for  undertaking  the  Stark  width  measurement  involves  imaging 
the  exit  slit  of  a  SPEX  1700  monochromator  onto  the  face  of  a  two  channel 
fiber  optic  array,  see  figures  4  and  8.  Prior  to  reaching  the  entrance  slits 
of  the  two  monochromators  the  light  from  the  plasma  is  rotated  through  90°  by 
means  of  prism  arrangements  (BR  in  figure  4) .  This  rotation  enables  the 
vertical  entrance  slits  of  the  monochromators  to  accept  light  from  a  hori¬ 
zontal  slice  of  the  plasma.  The  optical  axis  of  both  systems  and  that  of 
the  flashlamp  pumped  dye  laser  are  aligned  by  means  of  a  He-Ne  laser  to  lie 
in  the  same  horizontal  plane.  The  length  and  width  of  the  observed  slice  of 
plasma  is  then  determined  by  the  respective  height  and  width  of  each  entrance 
slit . 

2  2 

The  568.8  nm  line  of  the  sodium  4  D-3  P  multiplet  was  selected  as  the 
most  suitable  for  undertaking  the  Stark  measurements.  This  choice  was 
based  on  the  following  information:  it  was  observed  to  be  a  strong  line, 
our  photomultipliers  were  fairly  sensitive  at  its  wavelength,  and  most 
important,  its  Stark  broadening  was  sufficient  to  ensure  a  reasonably 
reliable  measurement  of  the  peak  electron  density  at  the  vapour  pressures 
of  interest.  The  third  photomultiplier  (an  RCA  1P21)  observed  several 
spectral  lines  in  addition  to  a  (3  nm)  band  of  recombination  radiation  at 
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400  nm.  Figure  9  displays  a  representative  example  of  both  this  recombina¬ 
tion  radiation  signal  (the  inverted  upper  trace)  and  a  signal  from  the 
photodiode  positioned  so  as  to  monitor  the  corresponding  incident  laser 
pulse  (lower  trace).  It  is  quite  evident  from  these  signals  that  the  plasma 
radiates  for  a  time  that  is  considerably  longer  than  the  duration  of  the 
laser  pulse.  An  even  more  intense  signal  was  observed  at  the  568.8  nm 
wavelength,  an  example  of  which  is  provided  in  figure  10.  It  is  apparent 
that  this  line  radiation  peaks  some  time  after  the  peak  of  the  laser 
pulse . 

The  variation  in  the  peak  signal  at  568.8  nm  as  a  function  of  radial 
position  across  the  sodium  vapour  disc  (and  along  the  laser  beam)  is  shown 
in  figure  11  for  two  laser  wavelengths.  It  is  apparent  that  when  the  laser 
is  tuned  to  overlap  the  589.0  nm  sodium  resonance  line  the  signal  increases 
at  first  with  decreasing  radial  position  —  which  reflects  the  increasing 
sodium  density  at  the  edge  of  the  vapour  disc  —  then  proceeds  to  decrease 
fairly  dramatically  with  further  decrease  of  radial  position.  This  decrease 
in  the  568.8  nm  emission  signal  is  attributed  to  strong  absorption  of  the 
laser  pulse  as  it  propagates  through  the  vapour. 

On  detuning  the  laser  to  590.4  nm  the  peak  emission  at  568.8  nm  is 
again  seen  to  increase  at  first  (i.e.,  at  the  edge)  but  then  ternain  prac¬ 
tically  constant  with  decreasing  radial  position.  Although  this  spatial 
variation  is  reasonable  on  the  grounds  that  the  detuned  laser  pulse  is  expected 
to  suffer  much  less  absorption  —  what  is  surprising  is  that  the  magnitude  of 
the  56S.8  nm  emission  for  the  detuned  case  exceeds  the  value  obtained  when  the 
laser  is  tuned  at  most  radial  positions!  Indeed,  observations  fairly  close  to 
the  centre  of  the  sodium  disc  (r  s  0.75  cm)  reveal  that  as  the  laser  is 
detuned  towards  longer  wavelengths  the  peak  amplitude  of  the  568.8  nm 
emission  significantly  increases  at  first,  reaching  a  maximum  that  is 
nearly  an  order  of  magnitude  greater  than  the  589.0  nm  tuned  case,  then 
decreases  with  further  detuning,  see  figure  12. 

(23) 

This  is  similar  to  an  observation  made  by  Muller  and  Hertel.  They 

showed  that  the  infrared  laser  emission  at  3.4  pm  (corresponding  to  the 

2  2 

5  S-4  P  multiplot  of  sodium)  resulting  from  laser  irradiation  of  sodium 
vapour  also  reached  a  maximum  value  when  the  exciting  laser  was  detuned 
towards  the  red  of  the  589.6  nm  resonance  line.  Indeed,  their  results  show 
a  minimum  in  the  infrared  emission  when  the  irradiating  laser  is  tuned  to 


either  of  the  atomic  resonance  lines.  This  observation  is  consistent  with 
strong  absorption  of  the  exciting  laser  beam  when  its  wavelength  coincides 
with  the  resonance  lines.  However,  what  is  not  so  obvious  is  the  mechanism 
that  permits  the  laser  to  interact  so  strongly  with  the  sodium  vapour  over 
such  a  large  wavelength  interval.  Kumar  et  al^^  have  also  noted  that 
strong  infrared  emission  is  observed  from  sodium  vapour  when  the  exciting 
laser  is  tuned  over  a  3.4  nm  interval  centred  on  the  resonance  lines. 

Their  results  do  not,  however,  reveal  a  minimum  in  this  emission  when  the 
laser  is  tuned  onto  either  of  the  resonance  lines,  but  this  could  be  due  to 
their  poor  spectral  resolution.  Kumar  et  al^^  attribute  the  large  wave¬ 
length  range  of  the  interaction  to  laser  induced  power  broadening  of  the 
resonance  lines.  We  believe  that  this  explanation  is  in  error  due  to  their 
assumption  of  a  linear  dependence  of  the  power  broadening  with  laser  irradi- 
ance. 

We  suspect  that  the  laser  is  capable  of  exciting  and  ionizing  the  vapour 
over  such  a  broad  range  of  wavelengths  because  it  is  able  to  couple  a  signi¬ 
ficant  amount  of  power  to  the  resonance  lines  even  when  it  is  appreciably 
detuned.  In  effect  saturation  of  the  resonance  transitions  is  maintained 
over  this  wide  detuning  interval  due  to  the  broad  wings  of  both  the  absorp¬ 
tion  and  laser  spectral  profiles.  We  intend  to  test  this  explanation  by 
measuring  the  spectral  distribution  of  the  laser  pulse. 

3 . 2  Vapour  Density  '■‘easurenents 

The  temperature  within  the  sandwich  oven  is  monitored  by  several 
thei'mocouplcs  positioned  between  both  top  and  bottom  disc  heater  blocks 
and  the  oven.  If  the  sandwich  oven  operated  according  to  heat  pipe  prin¬ 
ciples  the  temperature  and  therefore  the  vapour  density  should  be  uniform 
over  a  disc  shaped  region,  then  fall  rapidly  with  radius  in  the  vicinity  of 

the  water  cooled  lip.  The  density  in  the  uniform  region  should  be  deter- 
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mined  primarily  by  the  temperature  of  the  vapour  and  the  radius  of  the 
vapour  disc  should  be  controlled  by  the  argon  buffer  gas  pressure. 

Under  operating  conditions  the  temperature  from  the  various  thermo¬ 
couples  did  not  agree  to  better  than  1  Ob .  Consequently,  an  independent 
means  of  assessing  the  sodium  atom  density  was  sought.  A  simple  means  of 
monitoring  the  sodium  vapour  was  devised  based  on  our  spectral  hole  work, 
reported  earlier.  A  Xenon  light  source  and  a  specially  designed  optical 
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system  was  used  to  produce  a  narrow  beam  of  broad  aand  collimated  radiation. 
This  beam  was  directed  through  the  sodium  vapour  and  its  transmitted  spectrum 
was  measured  by  means  of  a  scanning  Heath  monochromator  and  an  attendant 
(RCA  1P21)  photomultiplier.  The  output  of  the  photomultiplier  was  displayed 
on  an  X-Y  plotter,  see  figure  13. 

It  is  apparent  from  equation  (1)  that  in  the  case  of  resonance  broad¬ 
ening  of  an  isolated  line. 


ri 

I(A,R)  -  I(A.-R)  exp  [-  J 


yN^  (r)dr 
(X-Xo)2+Y2N12(r) 


where  is  the  radiative  lifetime  and  X  the  line  centre  wavelength  of 
21  o 

the  transition.  Equation  (6)  also  implicitly  assumes  that  for  resonance 
broadening  the  HWHM  line  width 


T/2  ‘  YNl(r> 


In  the  case  of  the  sodium  resonance  doublet,  the  transmissivity 


T(X,R)  I 


I(M) 

I(X,-R) 


=  exp  - 


Y3/2Ni  (r)dr 


l  t3/2  Jr  (X-X3/2)2+Y2/2N12(r) 


1  fR  Yl/2Nl2(r)dr  1  ] 

+  t—  — 2 — r—  r  (8) 

1/2  -R  «-h/2>  (r)  '  J 

2  2 

where  the  3/2  and  1/2  subscripts  are  taken  to  refer  to  the  589.0  (3  P^^-3  S^2) 
and  589.6  nm  /2~ resonance  transitions  respectively.  According 

to  Sobelman  et  al  (25) 


0.93  x  4  r  f._A* 

2  e  12  3/2 


0.5S  x  i  ref12X-’/2 


where  f  represents  the  total  doublet  absorption  oscillator  strength  and 
r  is  the  classical  electron  radius  (2.82x10  '  cm). 

If  we  further  assume  that  for  the  sodium  doublet 
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12  1  111  „„„ 

- -  =  -=- -  and  - -  =  -=■ -  (10) 

3/2  3  X21  1/2  3  T21 

and  a  uniform  ground  state  atom  density  across  the  diameter  of  the  vapour 
disc,  then  we  can  write 

r  g,  a9™2  n 


f  g?  A  RN  1 

T(A,R,Nj)  =  exp  -  —■  •  - 3-^2  SCM,) 

L  *1  64tt  c  J 


where 


?(A,Nj) 


,,,  -.2  2 
(A-A3/2)  +Y3/2Ni 


(X-Xi/2)2ni2/2N1: 


For  the  sodium  resonance  doublet,  Y-^/2  ~  2.6xl0~2^  cm^  and  Y-^/2  =  1*6x10  2^  crn* . 

In  order  to  calculate  the  true  transmissivity  T*(A,R,N1)  equation  (11) 
has  to  be  convoluted  with  the  instrumental  response  function  to  allow  for 
the  limited  resolution  of  the  monochromator.  This  instrumental  response 
function  is  reasonably  well  approximated  by  a  Gaussian  function  and  the 
resulting  convolution  has  been  performed  numerically. 

The  diameter  of  the  sodium  disc  is  determined  by  scanning  the  sandwich 
oven  past  the  beam  in  order  to  assess  the  positions  at  which  the  absorption 
associated  with  the  vapour  suddenly  decreases.  In  effect,  this  defines  R 
and  -R,  assuming  circular  symmetry.  The  transmissivity  T*(A,R,N^)  has  been 
calculated  for  a  range  of  densities  corresponding  to  a  given  R  and  the 
resulting  spectral  holes  compared  with  the  experimentally  observed  spectral 
hole.  Two  examples  are  presented  as  figure  14.  This  comparison  has  been 
used  to  estimate  the  average  sodium  vapour  density  during  experimental  runs. 
These  densities  are,  in  general,  lower  than  expected  from  the  thermocouple 
temperatures.  However,  there  is  also  a  significant  spread  in  the  thermo¬ 
couple  readings  which  suggests  that  the  thermocouple  temperatures  may  not 
truly  reflect  the  temperature  within  the  oven  due  to  temperature  gradients 
in  the  oven  structure. 


3.3  fJtark  Width.  Eiociron  Ucra-Adu  to 

Stark  broadening  measurements  represent  a  well  known  method  of  deter- 

mininrr  tlin  pvnn  nl  nr  t  rnn  .Innc  .tv  i.’lt'Viin  '1  nl  ■!  enn  ^  ^  flj'nniKni'n  ^ 


mining  the  free  electron  density  within  a  plasma.  ’  Grumberg  et  al 
observed  excellent  agreement  between  the  measured  and  computed 
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linewidths  of  the  568.2  and  568.8  nm  lines  of  sodium  The  568.8  nm  line 

was  chosen  for  our  experiments  for  the  reasons  indicated  earlier.  Our 

approach  involves  measuring  the  ratio  of  the  line  ernission  in  two  adjacent 

(22) 

spectral  windows  for  it  can  be  shown  J  that  with  the  right  choice  of 
windows  this  ratio  is  directly  related  to  the  free  electron  density. 

Basically,  the  voltage  signal  obtained  across  the  oscilloscope  input 
impedance  and  having  its  origin  in  the  output  current  of  the  channel  1 
photomultiplier  (RCA  1P21)  can  be  expressed  in  the  form 

CO 

Vj(t)  =  AjPCt)  |  ^x'jTjCx'-xpdx*  (13) 

—CO 

where  A^  represents  a  system  constant  that  includes  the  photomultiplier's 
sensitivity  and  spectral  response,  and  the  oscilloscope  input 
impedance, 

P(t)  represents  the  spectrally  Integrated  power  from  the  568.8  nm 
line  falling  upon  the  photomultiplier's  photocathode, 

£(x')  represents  the  emission  line  profile  function  (which  is 

assumed  to  be  dominated  by  Stark  broadening  for  the  conditions 
of  interest) , 

Tj(x'-xp  represents  the  transmission  function  of  the  receiver  optics 
(which  includes  the  monochromator  and  channel  1  of  the  fiber 
array)  at  the  redv.ced  wavelength 

x'  =  (X-Xo-d')/w*  ,  (14) 

where  X  is  the  observed  wavelength,  X  the  unperturbed  emission  line  centre 

o  f  261 

wavelength,  d'  the  Stark  shift  and  w'  the  Stark  width.  )  xj  represents 
the  reduced  wavelength  corresponding  to  the  peak  value  of  the  transmission 
function  for  channel  1. 

If  we  introduce  the  filter  function  for  channel  1 

CO 

KA  E  |  Tj (x'-x’)dx’  (15) 

-CO 

and  assume  that  the  transmission  function  can  be  approximated  by  a  Gaussian 
profile  so  that  we  can  write 
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Tjtx'-x') 


Kj  -[(x'-xp/SJ2 


where  6^  can  be  related  to  the  IIWHM  of  the  transmission  function, 
through  the  relation 


(16) 


6 


1 


w'  / in  2 


(17) 


Under  these  conditions  we  can  write 


v2(t) 


—  P(t)n,(x'  n  ) 
/n  tie 


(18) 


where 


nl (xi •  Ne)  °  6^ 


-[(x'-x')/6 
■f  (x '  )e  1 


1 


(19) 


Similar  reasoning  for  channel  2,  which  used  a  more  sensitive  RCA  8575 
photomultiplier,  leads  us  to  conclude  that  the  ratio  of  the  voltage  signals 


V  (t)  A  K 

V21  =  VptJ  =  R21fxi’  X2’  Ne) 


(20) 


where  the  two  channel  response  function 


£(x')( 


-[(x'-xp/o2] 


dx1 


R21('X1’  X2  ’  Ne-* 


-f  (x'-xp/<5.] 
£(x’)e  1  dx' 


(21) 


(22) 

has  been  evaluated  for  several  different  wavelength  settings  of  p  and 

>•2  and  different  transmission  widths  AA  and  AA^.  Clearly  the  ratio  of 

the  signals  from  the  two  photomultipliers  \  ^  can  be  directly  related  to 

the  electron  density  by  reference  to  the  two  channel  response  function 

R , ,  ( A ,  ,  ,  N  )  or  R,,(N'  )  for  short  via  the  relation 

211  2  e  2 1  e 


V2 1 


S21R21(V 


(22) 


4 


13 


where  S9^  is  termed  the  sensitivity  factor  and  is  evaluated  by  means  of 
a  calibration  experiment.  The  centre  wavelength  for  channel  1  was  set 
fairly  close  to  the  line  centre  wavelength  of  the  observed  line  (i.e., 

=  568.922  nm)  while  the  corresponding  centre  wavelength  for  channel  2  was 
\  =  569.128  nm. 

The  transmission  function  for  each  of  the  two  optical  channels  was 
determined  by  sweeping  the  568.8  nm  line  from  a  sodium  reference  lamp  across 
the  fiber  optic  array.  Representative  results  with  their  Gaussian  approxi¬ 
mations  are  presented  as  figure  15.  In  this  instance  the  channel  wavelengths 
were  A^  =  568.922  nm  and  A^  =  569.128  nm.  It  is  also  apparent  that  AA^  =  0.10 
nm  and  AA^  =  0.0525  nm.  The  asymmetry  in  the  experimental  points  for  channel 

1  is  attributed  to  some  damage  in  the  fiber  optic  bundle.  Also  included 

in  this  figure  (by  way  of  illustration)  are  two  calculated  emission  profiles 

for  electron  densities  of  4x10^  and  10^  cm  ^ .  It  is  clear  that  while  V?1 

16  “3 

would  be  expected  to  be  of  the  order  of  unity  for  N  =  10  cm  ,  this  ratio 

15  e 

would  be  very  small  for  Ng  =  4x10  .  In  general,  the  sensitivity  factor 

appropriate  to  a  given  configuration  is  obtained  from  such  a  figure  by 

Kritine  p2aa2 

S21  '  PjAAj  (23) 

where  and  represent  the  peak  voltage  signals  attained  on  channels 

2  and  1  respectively  in  the  calibration  run. 

In  order  to  determine  the  sensitivity  of  this  measurement  to  the  electron 
temperature  )  was  evaluated  with  A^  =  568.922nm,  =  569.12Snm  for  two 

electron  temperatures  (5000  and  20,000  K) .  The  resulting  curves  are  presented 
as  figure  IS,  The  instrumental  widths  assumed  in  this  calculation  were 
AA  =  0.10  nm  and  AA^  =  0.0525  nm.  It  is  apparent  from  this  figure  that 
a  reasonably  accurate  (to  within  20%)  estimate  of  the  electron  density, 
over  the  range  4x10^  to  1.3x10^  cm  ^ ,  can  be  made  even  if  the  electron 
temperature  is  not  known  with  any  real  precision. 

The  electron  density  time  history  for  a  given  shot  is  evaluated  by 
first  digitizing  the  two  oscilloscope  traces  corresponding  to  the  signals 
from  channels  1  and  2.  A  representative  pair  of  traces  is  presented  as 
figure  17,  the  inverted  trace  corresponds  to  the  signal  from  channel  1. 

A  comparison  of  this  figure  with  figure  10  reveals  that  the  signal  duration 
of  both  channels  1  and  2  are  considerably  shorter  than  that  of  the  third  PMT 
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(the  inverted  trace  in  figure  10)  which  is  spectrally  centred  on  the  568.8 
nm  line.  This  is  to  be  expected  in  light  of  the  off-centred  transmission 
functions  for  channels  1  and  2,  see  figure  15.  Indeed,  closer  inspection 
of  figure  17  indicates  that  the  signal  from  channel  2  decays  faster  than 
that  from  channel  1 .  This  can  be  understood  in  terms  of  a  decrease  in 
both  the  width  and  shift  of  the  568.8  nm  line  with  recombination  of  the 
plasma. 

A  preliminary  set  of  digitized  signals,  their  concomitant  signal  ratio 

and  the  resulting  electron  density  time  history  is  presented  as  figure  18. 

16  —3 

In  this  shot,  the  average  sodium  atom  density  Nq  =  1.05x10  cm  ;  the 

laser  energy  =  150  (±10)  mJ;  and  the  laser  wavelength  X^  =  589.0  nm. 

These  observations  were  undertaken  0.75  era  from  the  centre  of  the  sandwich 

(22) 

oven.  Although  the  electron  density  measurements  are  only  reliablev  J  for 
15  -3 

>  5x10  cm  ,  it  is  quite  apparent  that  full  ionization  is  achieved, 
in  agreement  with  our  theoretical  work.  It  should  also  be  noted  that  if  we 
display  the  signal  from  channel  1  with  the  signal  from  the  photodiode 
monitoring  the  incident  laser  pulse,  we  could  directly  evaluate  the  time 
to  achieve  90%  ionization  and  compare  this  with  the  predictions  of  our 
LIBORS  code. 

At  the  time  of  writing  we  are  preparing  to  undertake  such  measurements 
and  also  examine  the  variation  in  the  peak  electron  density  with  detuning 
of  the  laser.  We  also  hope  to  shortly  undertake  the  first  measurements  of 
the  ground  level  burnout  factor  using  the  spectral  hole  technique  discussed 
earlier. 

4.  ground  level  burnout  in  boron  III 

The  degree  of  ground  level  burnout  attainable  through  laser  resonance 
saturation  is  of  fundamental  importance  to  our  approach  at  the  development 
of  efficient  short  wavelength  lasers.  It  is  evident  that  the  greater  the 
reduction  in  the  ground  level  population  the  easier  it  becomes  to  create  a 
ground  level  population  inversion.  In  order  to  estimate  the  limiting  value 
of  the  ground  level  burnout  factor, 

a  =  NJ/Nq+l  (24) 

where  N^  represents  the  ground  level  population  of  the  ion  of  charge  q  and 
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represents  the  density  of  ions  of  charge  q+1 ,  we  have  undertaken  a 
steady  state  analysis.  This  analysis  was  described  in  our  (1981)  AFOSR 
report  where  the  calculations  were  undertaken  for  the  case  of  sodium  vapour. 
Our  analysis  revealed  that  when  allowance  was  made  for  both  radiation 
cooling  and  thermal  conduction  the  ground  level  burnout  factor  a  at  first 
decreased  with  increasing  density,  then  beyond  some  critical  density  in¬ 
creased  with  increasing  density.  In  the  case  of  sodium  we  found 


Na  „  ,  ,  , --5 

a  .  s  6 .6  x  10 
mm 
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and  this  was  predicted  to  occur  for  a  sodium  density  Nq  =  2x10  cm 
We  have  now  extended  this  analysis  to  the  case  of  doubly  ionized 
boron,  for,  as  pointed  out  in  the  1981  AFOSR  report,  this  looks  like  an 
attractive  candidate  for  creating  a  GLIP  through  charge  exchange  (and  rapid 
cooling)  with  an  atomic  cloud  of  copper.  A  significant  difference  between 
our  present  calculations  and  that  undertaken  previously  for  sodium  relates 
to  our  inclusion  of  inverse  bremsstrahlung  heating.  This  was  neglected 
in  our  earlier  work  on  sodium.  As  might  be  expected  this  improves  the 
degree  of  burnout  predicted  and  in  the  case  of  boron  III  this  improvement 
amounts  to  a  factor  of  close  to  two.  As  with  the  sodium  case  we  find  that 
the  ground  level  burnout  factor  for  a  doubly  ionized  boron  plasma  also 
rapidly  decreases  with  density,  achieving  a  minimum  value 


1 1  ~  4.6  x  10  4  (for  Bill  density  of  2  x  10^  cm  ^) 
min  y  J 


This  is  indicated  in  figure  19  for  3  =  1.0,  where  3  represents  the 

conduction  loss  factor  —  a  parameter  that  we  have  introduced  to  allow  for 

the  fact  that  under  certain  conditions  the  conduction  loss  may  well  be 

somewhat  less  than  used  in  this  calculation.  For  example,  if  the  plasma 

is  expanding  into  a  vacuum  or  across  a  magnetic  field  electron  thermal 

conduction  could  be  reduced.  The  broken  curves  in  figure  19  correspond  to 

3  =  0.1  and  under  these  circumstances  2.5x10  4  (for  Bill  density  of 

17  min 

7x10  cm  ).  These  values  for  the  minimum  ground  level  burnout  factors 

are  quite  attractive  in  terms  of  being  able  to  create  a  ground  level  inver¬ 
sion  within  a  doubly  ionized  boron  plasma. 
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5.  GROUND  LEVEL  INVERSION'  BASED  ON  RESONANT  CHARGE  EXCHANGE 

In  our  main  approach  towards  the  development  of  an  efficient  short 
wavelength  laser  we  assume  that  a  high  degree  of  ground  level  burnout 
is  achieved  within  some  ionic  species  through  laser  resonance  saturation. 
Subsequently  this  plasma  is  projected  into  a  dense  cloud  of  atoms  leading 
to  a  rapid  cooling  and  repopulation  of  the  upper  states  of  the  GLB-ion 
through  three-body  recombination.  Even  more  important,  we  assume  that  the 
atoms  that  constitute  this  cloud  have  been  chosen  to  undergo  resonance 
charge  exchange  with  the  ion  and  thereby  selectively  populate  a  particular 
upper  level  of  the  GLB-ion.  Potential  combinations  are  presented  as 
figure  20. 

*  n 

A  criterion  for  the  creation  of  a  ground  level  inverted  population  GLIP  can  b 
developed  in  terms  of  the  density  gradient  of  the  atomic  cloud  if  we  assume 
that  charge  exchange  collsiions  are  the  dominant  mechanism  for  repopulation 
of  the  upper  levels  of  the  GLB-ion.  In  reality  rapid  cooling  will  enhance 
the  three-body  recombination  rate  which  also  preferentially  populates  the 
upper  levels.  A  simplified  energy  level  diagram  for  the  two  constituents 
involved  is  presented  as  figure  21. 

The  volume  rate  of  population  of  the  level  |q,3>  (which  in  this 
instance  represents  the  potential  laser  level  —  q  is  taken  as  the  charge 
on  the  GLB-ion)  through  resonance  charge  exchange  collisions  with  the  atoms 
in  their  ground  level  is  assumed  to  be  S(t).  In  the  rest  frame  of  the 
(q+l)-ions  we  can  write 

SCt)  =  NA(t)N5+1<ov>cx  (25) 

where  Nj  +  *  represents  the  density  of  ground  state  ions  of  charge  q+1 ,  KT^ ( t ) 
represents  the  density  of  ground  state  atoms  at  the  instant  of  interest  —  which 
corresponds  to  the  density  of  these  atoms  at  a  distance  ut  within  the  atomic 
cloud,  u  representing  the  relative  velocity  between  the  cloud  and  the  (q+l)-ions. 
<0v>  represents  the  resonance  charge  exchange  collision  rate  coefficient. 

For  a  semi-infinite  cloud  of  atoms  having  a  zero  density  boundary  at 
the  z=0  plane  we  can  write 

t 

V*>  *  f  { h  na  * u  h  Ni} Jt  w 

o 

1  7 


so  that  if  we  assume  a  steady  state  within  the  cloud. 


NA(t)  - 


and  for  a  linear  density  profile  over  the  range  0  <  z  i  z  ,  we  have 


NA(t)  =  NAut/zA 


where  N.  is  the  maximum  atom  density  within  the  cloud  (for  z  >  z  ). 

A  A 

Furthermore,  if  the  relative  velocity  of  approach  between  the  ions  and 
the  cloud  is  of  the  order  of  the  thermal  velocity  of  the  ions,  then 


<av>  sou 
cx  cx 


and  if  we  introduce 


..  ,.q+l  2 

N.N,  o  u  /z. 
A  1  cx  '  A 


then  we  can  write 


^(t)  '  V'l  -  N3(t>{AM  *  NeK3> 


where  N'^(t)  is  the  population  density  of  the  | q , 3>  level  (the  potential 
laser  level),  represents  the  Einstein  spontaneous  transition  prob¬ 
ability  for  the  potential  laser  transition,  N£  is  the  free  electron 
density  and  kS  represents  the  total  rate  coefficient  for  electron 
collisional  depopulation  of  the  |q,3>  level.  Clearly,  to  minimize  the 
requirements  for  creating  a  CLIP,  wc  must  assume  that  A^jj  >>  and 

so  we  have 


where  we  have  introduced  the  radiative  lifetime  of  the  potential  laser 
level 


T  = 


(34) 


and  N^(t)  represents  the  GLB-ion  ground  state  population  density  (the 
potential  terminal  level  for  the  laser  transition).  It  should  be  noted 
that  equation  (33)  tantamounts  to  stating  that  the  only  means  of 
populating  the  ground  level  of  the  GLB-ion  is  through  radiative  decay 
of  the  level  being  selectively  populated  by  charge  exchange  collisions. 
This  assumption  is  based  on  the  premise  that  radiative  decay  dominates 
collisional  decay  and  that  A^  is  one  of  the  largest  radiative  decay 
rates  for  repopulating  the  ground  level  of  the  ion. 

If  we  assume  that  N^(o)  =  0,  i.e.,  essentially  no  population  existed 
in  the  |q,3>  level  prior  to  repopulation  through  charge  exchange  colli¬ 
sions,  then  the  solution  of  equation  (32)  takes  the  form 


N>) 


+  e 


-t/x 


(35) 


We  inti'oduce  the  ground  level  population  inversion  density 


t)  =  N?(t)  -  gXj(t) 


•<1, 


(30) 


where  g  s  g^/g^  i-s  defined  as  the  ratio  of  the  degeneracies  of  levels 
q,3>  and  |q,l>,  respectively.  Combining  equations  (52)  and  (33)  yields 


d  J/(t) 


dt 


=  St  -  (l  +  g)N?(t)/ 


and  with  the  solution  given  by  equation  (35)  we  have 


(57) 


dcV (t). 


dt 


=S  [(1- 
oL  v 


g)i{l 


-e  t/"1}-  gt] 


(38) 


This  yields 

+  so 


(l+g)r{t  +  -i(e“t/T-  1)}  - 


(39) 
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This  follows  from  the  definition  of_^Y(t)  and  the  condition  N^(o)  =  0. 
From  physical  considerations  we  expect  that,/!(t)  will  be  a  maximum  when 
d^t)/dt  =  0,  or  from  (38)  when 

t  =  (Ug)T{l-e"t/7}/g  (41) 


Although  this  is  a  transcendental  equation  for  t,  it  can  nevertheless  be 
used  directly  in  (39)  to  yield 


Xax  ■  S0t*[T-gt*/2]  -  gNj  (o) 


where  t*  is  the  solution  of  equation  (41). 

Clearly,  a  ground  level  inversion  can  only  arise  if  ,_/V^ax  >  0,  that 
is  to  say. 


gN^(o) 


So  >  t* [i-gt*/2] 


This  criterion  can  be  restated  in  terms  of  the  density  gradient  of 
the  atomic  cloud,  or  from  equation  (30), 


"A  N7  ~acxU 

Now  if  the  GLB-ion  has  been  selected  to  achieve  a  high  degree  of  ground 
level  burnout,  then  the  excited  states  of  the  (q+l)-ion  will  be  very  ener¬ 
getic  in  terms  of  the  ionization  energy  of  the  q-ion  and  consequently  they 
will  only  be  sparsely  populated  —  this  means  that  the  bulk  of  the  (q+l)-ions 
will  reside  in  the  ground  level  and  hence  ~  .  Furthermore,  if 

in  the  times  of  interest  (i.e.,  the  times  to  create  a  CLIP) only  a  small 
fraction  of  the  (q+l)-ions  have  recombined,  then  we  can  replace  the  ratio 
N^(o)/Nj*+'  in  (4  1)  by  u,  the  GLB  factor  achieved  prior  to  the  recombination 
promoted  by  the  resonant  charge  exchange  collisions.  We  may  thus  write 


For  the  lithium  isoelectronic  series  of  ions.  B  IT,  Bill,  CIV,  etc.. 

e 

g  =  3  (46) 

and  since  the  solution  of  the  transcendental  equation  for  t*,  equation 
(41)  yields 

t*  s  Q.6x  (47) 


we  can  see  that  the  criterion  for  creating  a  GLIP  becomes 


dN 


dz 


A  >  50a 


2  2 
u  a  t 
cx 


(48) 
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In  the  case  of  Bill,  t  s  0.8  nsec,  and  if  we  take  a  s  10  cm  then 

cx 


d.\\ 

~  >  7.8  x  1034  ~ 
dz  2 

u 


(49) 


It  is  not  unreasonable  to  expect  that  we  could  make  the  relative 
velocity  between  plasma  and  the  atomic  cloud  of  the  order  of  10^  cm  sec 
Under  these  circumstances  we  require 

dN 


>  7.8  x  102^a  (cm  3/cm) 


(50) 


and  we  see  that  the  criterion  now  boils  down  to  a  limit  on  the  density 

gradient  of  the  atomic  cloud  in  terms  of  the  GLB  factor  achieved  through 

laser  resonance  saturation.  In  accordance  with  our  above  calculations 

for  Bill,  we  can  write  a  %  5  x  10  4.  This  would  lead  to  the  criterion 

mm 


dN 


dz 
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>  5.9  x  10  (cm  /cm) 


(51) 
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which  can  he  thought  of  as  a  density  jump  of  about  4  x  10  cm  in  a 
1  mm  layer  -  a  fairly  strong  density  gradient,  but  one  that  might  be 
atta  inable . 

If  we  assume  that  a  comparable  degree  of  ground  level  burnout  could 
be  achieved  in  singly  ionized  beryllium  through  laser  resonance  saturation 
then  in  this  instance  we  would  require 


(52) 


A  %  ,  0  in17  -3. 
j —  6.9  x  10  cm  /cm 
dz 
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which  translates  into  a  density  jump  of  6.9  x  10  cm  in  a  1  mm  layer. 

The  more  reasonable  density  gradient  associated  with  B^II  follows  from  the 

6  nsec  lifetime  of  the  103.67  nin  transition,  assuming  all  of  the  other 
factors  remain  the  same. 

6.  NEUTRAL  ALUMINUM  CLOUD  EXPERIMENTS 

As  indicated  above,  the  attainment  of  a  ground  level  inversion  through 
resonant  charge  exchange  requires  the  production  of  a  relatively  dense 
cloud  of  suitable  atoms  having  a  steep  density  gradient.  In  the  case  of  the 
B^I I  and  All,  charge  exchange  pair,  see  figure  20,  we  have  estimated  that 
the  gradient  of  ground  state  aluminum  atoms  would  probably  have  to  exceed 

7  x  1017  cm-4. 

We  believe  that  there  are  several  possible  methods  of  attaining  this 
kind  of  neutral  atom  density  gradient:  Laser  heating  of  a  thin  foil-glass 
interface,  electron  beam  heating  of  a  foil  or  joule  heating  of  a  foil  in 
a  vacuum.  In  keeping  with  our  high  efficiency  philosophy  we  have  chosen 
to  study  the  sudden  joule  heating  approach  first.  However,  the  diagnostic 
techniques  we  are  developing  should  be  applicable  to  evaluate  the  density 
gradients  attained,  whichever  approach  is  used. 

6.1  Exploring  Foil  Facility  and  Preliminary  Emission  iteasuvenante 

We  have  constructed  a  capacitor  discharge  circuit  for  generating  a 
large  current  pulse  within  a  strip  of  aluminum  foil  placed  in  a  vacuum. 

The  small  capacitor  bank  comprises  six  8.5  pF  BICC  capacitors  that  are 
connected  in  parallel  and  charged  to  1650  volts.  A  small  LEV  G11X-T 
sparkgap  is  used  to  discharge  this  70  J  through  the  strip  of  aluminum 
foil  called  a  fuse..  Ten  such  foil  strips  are  cut  out  of  one  sheet  of 
foil  and  mounted  on  a  rotatable  holder  within  an  evacuated  six-port  glass 
chamber  as  shown  in  figure  22.  The  complete  fuse  holder  assembly  is  shown 
in  figure  25.  Each  fuse  is  connected  in  turn  to  the  capacitor  bank  via 
a  banana  plug.  This  approach  has  eliminated  the  arcing  observed  in  our 
earl ier  arrangement. 


The  emission  from  the  atomized  aluminum  cloud  was  monitored  by  two 
photomultipliers  (RCA  1P28A  and  a  RCA  9 3 1 A J .  The  931A  photomultipl icr 
was  positioned  in  front  of  the  fuse  in  order  to  respond  to  the  earliest 
emission  and  thereby  provide  a  zero  time  reference  signal .  The  1R28A 
photomultiplier  was  used  to  either  detect  the  emission  from  the  expanding 
atomized  cloud  at  some  distance  from  the  fuse  holder  surface  or  to  monitor 
the  dye  laser  output.  The  former  arrangement  enabled  both  the  expansion 
velocity  and  temperature  of  the  atomized  cloud  to  be  evaluated. 

The  ground  state  aluminum  atom  density  was  estimated  by  means  of 
near  resonance  absorption  photography :  J  In  this  approach  a  short  pulse 
(5  nsec)  from  a  suitably  tuned  nitrogen  pumped  dye  laser  is  directed 
through  the  atomized  cloud  and  photographed.  If  the  wavelength  of  the  laser 
is  tuned  to  lie  close  to  that  of  the  396.1  nm  aluminum  resonance  line  then 
appreciable  attenuation  is  expected  from  regions  of  high  atom  density.  A 
schematic  diagram  of  the  experimental  arrangement  is  presented  as  figure  24. 

The  output  of  the  nitrogen  pumped  dye  laser  was  spectrally  controlled 
by  means  of  an  intra-cavity  grating  and  a  beam  expander.  This  system  also 
enabled  the  laser  line  width  to  be  narrowed  to  better  than  0.04  nm  and 
provided  a  wavelength  stability  of  ±0.01  nm.  The  Iixciton  PBBO  #04001 
laser  dye  used  had  a  maximum  efficiency  at  about  396  nm  and  a  useful  tuning 
range  of  378  to  440  nm.  Xo  measurements  of  the  output  energy  were  made 
since  the  only  requirement  for  the  laser  energy  fluence  was  that  it  be 
adequate  to  expose  the  film  in  the  camera  after  passing  through  the  system 
in  the  absence  of  the  aluminum  vapour. 

The  expansion  velocity  was  estimated  from  the  time  delay  between  the 
emission  signals  obtained  from  the  front  on  and  side  viewing  photomultipliers. 
The  latter  receives  light  only  once  the  atomized  cloud  emerges  from  beyond 
a  specially  positioned  light  baffle.  This  baffle  was  designed  to  prevent 
any  cxtrancously  scattered  light  from  reaching  the  side-viewing  photomul¬ 
tiplier  prior  to  the  expanding  plasma  entering  its  field  of  view.  At  a 
background  pressure  of  0.03  torr  of  nitrogen  the  expansion  velocity,  averaged 
over  the  3.2  cm  width  of  the  light  baffle,  was  approximately  6  x  10'  ems  . 

The  spatially  averaged  electron  temperature  T  of  the  atomized  cloud 
was  determined  fro:::  the  relative  intensity  ratio  of  two  emission  lines.  If 
I, If  prevails  then  it  is  well  known,  (iriemf 


that  the  ratio  of  the  two 
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emission  signals  arising  from  |n>  to  jrn>  and  jp>  to 
the  same  species 

S  =  A  exp (-E  /kT  ) 

1  np  e 


q>  transitions  within 


(53) 


where  E  represents  the  energy  difference  between  the  upper  levels  of  the 
two  transitions  and  A  is  a  system  constant  that  depends  upon  the  photomul- 
tipl  ier  response  at  the  two  wavelengths,  and  a  ratio  of  atomic  parameters, 
viz . , 


n(A  ) A  A  g 
nnr  pq  nmfan 

n(A  )A  A  g 
pq  nm  pq  p 


where  nfA^g)  represents  the  spectral  response  of  the  photomultiplier  at 
the  wavelength  A^g  and  A^  represents  the  appropriate  Einstein  transition 
probability.  gr  represents  the  degeneracy  of  the  |a>  level. 

It  follows  from  (53)  that  the  uncertainty  in  the  temperature  measure¬ 
ment  ATe/Te  can  be  related  to  the  uncertainty  in  the  signal  ratio  measurement 
by  the  expression 


AT 

e 


T 

e 


AS 

S 


Clearly,  E  t  should  he  chosen  to  be  as  large  as  possible  compared  to  kT  . 

^  i  O  l 

After  an  initial  study  of  the  aluminum  spectra  the  390.0  nm  (XP  -1D) 
and  623.2  nm  ('1p°-'J>D)  transitions  of  A  Z 1 1  were  selected  as  both  lines  could 
be  observed  in  spite  of  the  4.46  eV  energy  separation  of  their  upper  levels. 
This  relatively  large  value  for  E  implied  that  the  temperature  uncertainty 
would  amount  to  only  22%  of  the  signal  ratio  uncertainty  for  a  temperature 
of  around  1  cV.  A  preliminary  measurement  of  the  electron  temperature 
yielded  a  value  of  (1.40+0.15)  eV. 


6.2  Near  \v  u  of  DcnoiL'j  Gradient 

If  the  atomized  aluminum  cloud  is  assumed  to  be  spherical  in  nature, 
then  the  e  ;•  i  :•  presented  to  the  laser  radiation  at  wavelength  A 

at  distance  ::  from  the  fuse  holder  surface,  see  figure  25, 

x  +  /R^2 

t(r.,A)  =  2  J  k(z,x  ,  ■  )dx  (54) 

x  =  0 


where  the  absorption  coefficient 


k(z,x,A)  =  oCA.r)^  (r) 


n 2 

'r  -z 


R  is  taken  as  the  radial  location  of  the  boundary  of  the  expanding  cloud 
at  the  instant  of  interest.  N^(r)  represents  the  aluminum  gi'ound  state 
atom  density  at  a  distance  r  from  the  centre  of  coordinate  system,  which 
is  taken  to  coincide  with  the  centre  of  the  foil  strip  prior  to  evaporation. 
The  absorption  cross  section  for  radiation  at  wavelength  A  at  this  location 
can  be  expressed  in  the  form 

*4g2 

a(A,r)  =  fT-W  a  (56) 

where  g9/gj  represents  the  degeneracy  ratio,  and  T  the  radiative  lifetime 
for  the  resonance  transition,  c  is  the  velocity  of  light  and  £{A,r)  repre¬ 
sents  the  absorption  line  profile  function  at  this  location.  Implicit 
in  this  analysis  is  the  assumption  that  only  the  resonance  transition 
closest  to  the  laser  wavelength  is  involved  in  absorption. 

If  we  assume  that  over  the  density  range  of  interest  Stark  broadening 
dominates,  then  we  can  write 


W-V  =  ¥ 


:>w(r) _ 

{A-Ao+;.As(r)}2  +  AXjJ(r) 


where  AA<.(r)  and  AAw(r)  represent  the  Stark  shift  and  width  respectively. 

As  a  first  approximation  we  shall  assume  that  the  displacement  of  the  laser 

wavelength  A  from  the  line  centre  wavelength  A  is  sufficiently  large  that 
we  can  write 


£.(  A ,  r ) 
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We  shall  also  assume  that  over  the  densitv  range  of  interest  we  can  neglect 


ion  broadening  so  that  we  can  write 
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where  w  is  given  by  (Irieinf"^)  If  we  also  assume  I.TK,  then  the  free 
electron  density  \  (r)  can  be  determined  in  terms  of  the  electron  temper¬ 
ature  T  and  the  aluminum  ground  state  density  N,  (r),  viz.. 

e  **  •  r  ’ 
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where  U  (Te)  represents  the  partition  function  of  the  ion,  g^  the  ground 
level  degeneracy,  1;^  the  ionization  energy  of  the  atom  and  Ah  the  ionization 
depression.  Note  that  1:  ^ ,  AH  and  k1'e  are  all  expressed  in  eV  units.  Under  the 
conditions  of  interest  Af  is  expected  to  range  between  0.4  and  0.8  and  to  a  first 
approximation  Af  is  set  equal  to  0.6  eV  in  (60). 

In  which  case  we  can  write 


2;  w(T  )S(T  ) 
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where  oA(  =  '^g,/8 'c-.g  )  is  the  spectrally  integrated  absorption  cross  section 
and 


T  ’1  V2  U+(Te) 

S(Tc)  =  kxlO  (kTer/2-^- 
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exp{-5 .36/kT  } 


Under  these  circumstances  the  optical  depth 
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If  we  assume  that  the  ground  state  atom  density  distribution 


Vr)  =  Xoexp{-r2/io^} 


and  that  the  temperature  is  reasonably  uni  form  over  the  expanding  cloud, 
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The  transmissivity  of  the  cloud 


T(z,A)  =  exp{-r(z,A)} 


(66) 


can  thus  be  evaluated.  Indeed,  we  can  write 


T(z,A)  =  exp 
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In  the  case  of  the  aluminum  atom,  X  =  396.1  nm,  t  =  10.2  nsec, 

9  o 

g_  =  g,  =  2  and  so  /  s  3.2  x  10  ^  cm^.  If  we  use  kT  =1.4  eV  (as 
62  &1  e 

estimated  from  the  line  ratio  measurements  assumed  earlier)  then 

S(Te)  =  1.23  x  10*°  and  according  to  Griemf2^  w(Tg)  =  1.65  x  10  10  cm. 

Consequently, 


T(z,A)  =  exp 
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where  AX  corresponds  to  (A-A  )  in  nm-units.  Transmissivity  curves  for 

various  values  of  N  ,  r  and  AA  have  been  computed.  Two  such  curves  for 
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N  =  10  cm  ,  rQ  =  0.2  cm,  AA  =  1 . 7  nm  and  3.66  nm  are  presented  as 
figure  26.  Also,  included  on  this  figure  are  the  locations  of  the  observed 
sudden  jumps  in  the  transmissivity  corresponding  to  AA  =  1.7,  2.44  and 
3.66  nm  as  deduced  from  the  near  resonance  laser  photographs  taken  3.5  psec 
after  the  start  of  the  plasma  emission.  A  representative  set  of  such  photographs 
are  presented  as  figure  27.  The  spread  in  the  data  arises  from  the 
shot-to-shot  irreproducibility.  In  order  to  check  that  the  sudden 
transition  from  light  to  dark  on  such  photographs  corresponded  to  a  change 
in  the  transmissivity  of  about  0.1  to  0.9,  a  calibration  experiment  was 
undertaken  using  neutral  density  filters  of  known  attenuation. 

It  is  apparent  from  figure  25  that  the  aluminum  atom  density  distri¬ 
bution  in  the  expanding  cloud  is  roughly  approximated  by  a  relation  of 
the  form 

N(r)  Noexp  j-  “  } 
ro 
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where  N  ~  10  cm  and  r  0.2  cm.  These  results  are  encouraging 
o  o 

for  although  they  are  preliminary  in  nature,  nevertheless,  they  suggest 


27 


that  quite  steep  density  gradients  are  produced  by  this  exploding  foil 
technique.  Indeed,  the  gradient  for  such  a  Gaussian  distribution 
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has  a  maximum  value  given  by 
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(70) 


and  occurs  at  a  distance  r  =  r  //2.  In  figure  28  we  have  plotted  both 

N(r)  and  |dN(r)/dr|  against  r  for  the  N  and  rQ  values  indicated  above. 

From  this  figure  it  is  evident  that  the  atom  density  gradient  easily 

17  -4 

exceeds  the  value  of  7  x  10  cm  indicated  earlier  as  necessary  for  the 
creation  of  a  ground  level  population  inversion  through  charge  exchange 
interactions  . 

Further  confirmation  of  the  steepness  of  the  atom  density  gradient 
was  obtained  from  a  close  inspection  of  the  light  to  dark  boundary  region 
of  the  near  resonance  absorption  photographs.  Measurements  undertaken 
with  the  aid  of  a  travelling  microscope  reveals  that  the  transmissivity 
jump  (0.1  to  0.9  )  occurs  in  a  distance  of  less  than  1  mm.  This  can  be 
seen  t o  be  consistent  with  the  prediction  of  our  calculations,  see  figure 

2 t> . 

As  indicated  these  results  are  encouraging  even  though  they  are  only 
tentative  in  nature.  Currently  we  are  exploring  ways  of  optimizing  the 
foil  explosion  technique  and  increasing  the  accuracy  of  our  diagnostics, 
in  particular  we  are  refining  the  theoretical  basis  for  interpreting  the 
near  resonance  absorption  data. 
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NHW  DjSCOVIjKTHS  STFMMINu  FROM  ROSLIARCH 

Saturation  of  an  atomic  transition  by  the  intense  radiation  field  of 

a  suitably  tuned  laser  represents  an  important  kind  of  interaction  with  a 

wide  range  of  potential  applications.  The  consequences  of  laser  resonance 

saturation  and  the  applications  stemming  from  this  interaction  depend  to  a 

very  large  extent  upon  the  period  of  saturation.  If  the  resonance  to 

ground  level  populations  are  only  momentarily  locked  in  the  ratio  of 

respective  degeneracies  (saturation)  the  principal  effect  is  a  burst  of 

intensified  spontaneous  emission  that  can  be  used  to  diagnose  the  excited 

(1  2) 

medium:  *  On  the  other  hand  an  extended  period  of  saturation  (lasting 

for  much  longer  than  the  resonance  state  lifetime)  can  lead  to  extensive 

(3  4) 

perturbation  of  the  medium:  ’  Indeed,  if  the  free  electron  superelastic 

collision  time  is  short  compared  to  the  duration  of  the  laser  pulse  near 

(4-19) 

total  ionization  of  the  laser  pumped  species  is  rapidly  achieved:  J  In 

the  case  of  an  ionic  species  extremely  rapid  changes  of  electron  temperature 
can  be  produced  by  this  means 

The  author  was  the  first  to  recognize  the  importance  of  laser  satura- 

(1-4) 

tion  and  many  of  its  possible  areas  of  application:  Subsequent  work 

in  the  author's  laboratory  and  elsewhere  have  proven  that  laser  resonance 

saturation  does  represent  a  significant  form  of  interaction  between  laser 

radiation  and  atomic  vapours  or  plasmas. 

Momentary  laser  saturation  represents  a  powerful  diagnostic  technique 

that  is  finding  application  in  many  areas  ranging  from  fusion  reactor 

studies  to  combustion  measurements The  combination  of  laser 

ablation  and  laser  saturation  spectroscopy  represents  a  new  approach  at 

evaluating  fundamental  atomic  quantities  sucli  as:  radiative  lifetimes, 

branching  ratios,  transition  probabilities  and  selected  collision  cross- 

sections.  A  preliminary  paper  on  this  subject  was  published  by  us  in 
( 24 ) 

Physical  Review.  This  technique,  as  well  as  being  convenient  and 

accurate,  is  particularly  well  suited  for  measurements  on  short  lived, 

highly  ionized  species  created  by  laser  ablation.  Furthermore,  it  is 

versatile  and  can  use  ::.ul  t  i  photon  or  stepwise  excitation  as  the  means  of 

generating  the  hursts  of  intensified  emission. 

As  n  spin  off  of  this  work  we  have  also  shown  that  this  concept  can 

also  form  the  basis  of  a  new  form  of  trace  element  laser  microprobe  called 
(  2  b  ) 

a  'I  ABI.ASHR . 

at) 


More  recently,  we  have  demonstrated  in  a  proof  of  principle  experiment 
that  laser  saturation  spectroscopy  can  be  used  to  directly  measure,  with 
both  spatial  and  temporal  resolution,  the  ion  to  neutral  atom  density  ratio 
in  a  rapidly  expanding  ablation  plasma. 

The  ionization  capabilities  of  extended  laser  resonance  saturation 
have  now  been  indisputably  demonstrated  with  a  variety  of  experiments P 
We  have  developed  a  model  of  this  laser  ionization  based  on  resonance 
saturation  (LIBORS)  and  have  shown  that  the  interaction  can  be  thought 
to  proceed  in  four  stages Confirmation  of  certain  aspects  of  our 
theory  has  been  provided  by  several  research  groups^  Recently,  there 

has  been  some  success  in  using  laser  resonance  saturation  for  the  purpose 
of  creating  infrared  laser  action Currently,  our  efforts  are  concen¬ 
trating  upon  obtaining  a  better  understanding  of  this  interaction  and  in 
studying  how  best  to  employ  this  fast  and  very  efficient  method  of  coupling 
laser  energy  into  a  plasma  for  the  purpose  of  developing  an  efficient  short 
wavelength  laser. 
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FIG.  2  %  SPECTRAL  TRANSMISSION  CURVES  FOR  SPECTRALLY  UNIFORM  SUBSATURATTNG 

PROBE  LASER  RADIATION  TRAVERSING  A  SODIUM  VAPOUR  DISC  KITH  A  MAX  I  MU? 
INITIAL  DENSITY  OF  lO^CM--^.  THE  CENTRAL  REGION  OF  THE  SODIUM  VAPOl 
IS  ASSUMED  TO  HAVE  ATTAINED  THE  GLB°6  SHOWN  FOR  TWO  VALUES  OF  THE 
END  ZONE  SCALE  LENGTH  L.  I,  -REFERS  TO  THE  1RRADIANCE  OF  THE  IOYIZI 
LASER. 


FIG.  6  CLOSEUP  VIEW  OF  LASER  PRODUCED  PLASMA  CREATED 
WITHIN  SODIUM  VAPOUR  OF  THE  SANDWICH  OVEN. 
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Fig.  9  Upper  inverted  trace  displays  a  3nm  band  of 
recombination  radiation  centred  at  400nm 
50mV/div  (Na  -  5 . 2xl015cm-3) . 

Lower  trace  shows  corresponding  laser  pulse  at 
589nm  (AA^  =  0.2nm)  as  monitored  on  photodiode 
(200ns/div  for  both) . 


10  Upper  inverted  trace  displays  line  emission  at 
568. 6nm,  lOOmV/div  (\’a  ~  9 .Sxl015cnT3)  . 

Lower  trace  shows  corresponding  laser  pulse  at 
589nm  (AXjj,  =  0.2r.m)  as  monitored  on  photodiode 
(500ns/div  for  both)  . 
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uned  and  untuned  laser  radiation. 


LASER  WAVELENGTH,  XL(nm) 

on  of  peak  568.8  nm  emission  with  Inset  detuning 


15  Arrangement  for  determining  the  sodium  vapour 
density  by  means  of  spectral  hole  technique. 
Key:  BL  beam  lifter;  S  slit. 


2R^9.5cm,  DENSITY  [No]  * 9.3xl0,4crrr3,  150 /im  Slit  Width 


Experimental 


2R-  II  cm,  DENSITY  [Na]^9.5xl0,5cm-3  ,  150  jam  Slit  Width 


Fig.  14  Two  examples  of  the  spectral  hole  measurement  of  the  average 
sodium  atom  density  in  the  vapour  prior  to  laser  irradiation. 
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Fig.  15  Transmission  functions  for  channels  2  and  1  (Gaussian  fits  -  and - , 

experimental  points  •  and  o,  respectively).  Method  IB,  Entrance  Slit  100  pmxlOmm, 
Exit  Slit  300  pm.  Also  shown  are  two  calculated  Stark  broadened  profiles. 


ELECTRON  DENSITY,  Ne(crr 

Variation  of  two  channel  spectral  response  function 
density  Ne( Method  IB). 
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FIG.  18  REPRESENTATIVE  STARK  MEASUREMENTS  OF  ELECTRON  DENSITY  WITH 
LIBORS  PLASMA. 

(a)  Digitized  PM-voltage  waveforms  for  chanrels  1  and  2. 

(b)  Signal  ratio,  V2J  against  time. 

(c)  Electron  density  time  history  evaluated  from  V21 
using  two  channel  response  function  R21 


conduction  loss  factor 


DOUBLY  IONIZED  BORON  DENSITY  (cm-3 ) 


SIMPLIFIED  ENERGY  LEVELS  FOR  ELECTRON  DONOR  ATOM  AND 
ELECTRON  ACCEPTOR  (GLB-)  ION  INVOLVED  IN  RESONANCE 
CHARGE  EXCHANGE  COLLISION. 
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Fig.  23  Fuse  holder  system 


1.  Fuse  holder 

*  2.  Connecting  wires 

3-  Vacuum  chamber  port 
b.  Banana  plugs  for  each  fuse 

5.  Rotation  knob 
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Fig.  24  Schematic  of  Exploding  Foil  Facility  showing  the  near  resonance  absorption 
diagnostic  arrangement. 

Key:  BS  beam  splitter;  ND  neutral  density  filter. 
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Fig.  2o  Computed  transmissivity  variation  with  distance  from  fuse  holder 
for  two  values  of  laser  detunings,  AX  =  1.7  nm  and  3.66  nm.  Also 
shown  are  the  corresponding  observed  positions  of  the  jumps  in 
transmissivity  for  detunings  of  1.7,  2.44  and  3.66  nm. 


Fig.  27  Three  representative  photographs  of  laser  light  passing  through 
exploding  foil  chamber.  (a)  Laser  tuned  to  coincide  with  the 
396.1  nm  Ml  resonance  line  revealing  large  extent  of  low 
density  cloud  3.5  pscc  after  foil  explodes.  (b)  Laser  detuned 
by  about  0 . 7  nm  from  396.1  nm  Ml  resonance  line  showing  much 
smaller  extent  of  high  density  core  also  3.5  psec  after  foil 
explodes.  (c)  Laser  fired  before  foil  explodes. 
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APPENDIX  A 


LASER  STIMULATED  INVERSE  RADIATIVE  AUTO IONIZATION 
AS  A  MECHANISM  FOR  CREATING  A  GROUND  LEVEL  POPULATION  INVERSION 


R.  M.  Measures  and  R.  Kissack 


Abstract 

We  have  been  able  to  demonstrate  by  relatively  simple  equilibrium 
arguments  that  the  attainment  of  a  ground  level  population  inversion  by 
means  of  laser  stimulated  inverse  radiative  autoionization  is  not  possible. 
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In  many  approaches  towards  the  development  of  short  (X  and  XUV) 

wavelength  lasers,  energy  is  stored  in  the  ions  of  a  plasma.  The  ground 

state  of  an  ion  of  charge  Z  can  represent  an  effective  storage  medium 

if,  at  the  temperature  required  to  ensure  near  complete  ionization  of 

the  (Z-l)  ion,  there  is  very  little  excitation  of  the  ion  of  charge  Z. 

A  ground  level  inverted  population  (GLIP)  might  then  be  created  within 

such  a  medium  if  a  fraction  of  the  Z-ion  ground  level  population  could 

suddenly  be  transferred  to  some  state  that  is  radiatively  coupled  to  the 

strongly  depleted  (Z-l)  ion  ground  state.  In  some  of  the  early  approaches 

at  developing  an  X-ray  laser,  rapid  cooling  through  expansion  of  a  dense, 

highly  ionized  plasma  was  thought  to  be  capable  of  accomplishing  this  by 

means  of  three-body  recombination  to  high  lying  levels ^  of  the  (Z-l) 

ion.  Unfortunately,  it  was  soon  shown  that  the  energy  released  by  this 

(2  3) 

recombination  prevents  the  formation  of  a  GLIP:  ’  J 

(4) 

In  another  approach  at  developing  an  X-ray  laser,  Harris  has 
proposed  using  a  laser  to  suddenly  switch  the  population  of  a  storage 
state  into  a  potential  laser  state.  Although  this  is  an  attractive  con¬ 
cept,  the  fact  that  the  storage  state  in  this  approach  is  metastable  is 
likely  to  constrain  operation  to  low  densities  which  in  turn  will  severely 
limit  the  gain  coefficient  attainable.  We  felt  that  it  might  be  possible 
to  use  this  concept  of  laser  switching  where  (in  our  approach)  the  Z  ion 
ground  state  would  represent  the  storage  medium.  This  would  avoid  the 
limitation  imposed  by  using  a  metastable  state  as  the  storage  state. 

In  order  to  accomplish  this  we  have  considered  the  possibility  of 
suddenly  enhancing  electron  resonance  capture  into  a  doubly  excited  state 
of  the  Z-l  ion  through  the  process  of  stimulated  inverse  radiative  auto¬ 
ionization,  SIRA.  By  this  means  it  might  be  possible  to  momentarily 
create  a  ground  level  population  inversion  within  the  Z-l  ion.  The 
feasibility  of  this  would  be  greatly  facilitated  if  the  Z-l  ground  level 
had  been  strongly  burnt  out  by  laser  resonance  saturation^  ^  prior  to 
the  sudden  application  of  the  SIRA  laser  pulse. 

We  have  schematically  illustrated  this  concept  for  the  case  of  a 
singly  charged  ion  in  figure Al  .  In  this  illustration  !g>,  |i's  and  |dv- 
are  taken  to  represent  the  atom  ground  state,  the  ion  ground  state  and  the 
atom  doubly  excited  state,  respectively,  is  taken  as  the  photon  energy 

of  the  stimulating  laser  field  and  s:  the  energy  of  the  free  electron  that 
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is  participating  in  this  stimulated  inverse  radiative  autoionization 
process.  This  interaction  can  be  expressed  as  a  reaction  of  the  form 


SIRA:  |  i>  +  hv^  +  e  ->■  |d>  (Al) 

where  hv^  represents  a  photon  of  the  stimulating  laser  field  and  e  a 
free  electron.  Energy  conservation  implies  that 


e  +  £ 

P  e 


=  E 


di 


(A2) 


where  E,^  represents  the  difference  in  energy  between  |d>  and  |i>. 

The  basic  idea  is  to  start  with  a  plasma  which  primarily  comprises 
ground  state  ions.  This  state  of  affairs  can  be  produced  by  means  of 
laser  resonance  saturation  where  a  degree  of  ionization  of  close  to  99.9% 
has  been  predicted.  We  shall  assume  that  the  electron  density  is  high 
enough  that  just  prior  to  switching  on  the  SIRA  laser  the  plasma  can  be 
thought  to  be  in  local  thermodynamic  equilibrium.  Furthermore  we  shall 
also  assume  that  in  the  absence  of  the  SIRA  laser  field  the  dominant  decay 
mode  for  the  doubly  excited  state  is  radiative  decay  to  the  ground  level 
and  that  during  the  times  of  interest  this  represents  the  primary  mechanism 
for  repopulating  the  ground  level. 

Under  these  circumstances  the  rate  equations  governing  the  ground  and 
doubly  excited  states  take  the  form 


N  .A . 
d  dg 


(A3) 


and 


dN 

-rr^  =  N  X.  R  -  N  ,  (R  . .  +  A  .  +  A  ) 
dt  e  i  id  d  di  di  dg^ 


(A4) 


where  X  and  X  represent  the  density  of  ground  and  doubly  excited  state 
8  u 

atoms,  while  X.  and  X  represent  the  ion  and  free  electron  densities.  A, 
l  e  1  dg 

represents  the  Einstein  spontaneous  emission  probability  for  radiative 
decay  of  |d>  to  g--  and  A^.  represents  the  spontaneous  emission  probability 
for  radiative  autoionization  of  the  doubly  excited  state,  viz.. 


RA: 


'  d  •  >  |  i  >  +  e  +  h 


(A3) 


4 
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In  the  presence  of  the  SIRA  laser  field  the  radiatively  induced  rate 

coefficients  are  R,.  for  stimulated  radiative  autoionization,  viz., 
di 

SRA:  |d>  +  hVj  -*  |i>  +  e  +  2hv^  (A6) 


and  R^^  for  stimulated  inverse  radiative  autoionization,  see  (Al). 

For  our  model  we  can  set  N  =  N.  and  we  can  assume  that  both  the 

e  1 

electron  density  and  its  temperature  are  constant  during  the  times  of 
interest.  If  we  further  assume  a  step-like  pulse  of  laser  radiation  then 
we  can  introduce  the  two  constants. 


and 


S  =  N  R.  , 
e  id 


-  =  R,.  +  A,.  +  A , 

T  di  di  dg 


In  which  case  equation  (A4)  takes  the  form 


dNd  .  Nd 
dt  x 


which  has  the  solution 


Nd(t)  =  St(l  -  e  t/T} 


(A7) 

(A8) 


(A9) 


(A10) 


provided  N'd (o)  =  0,  which  is  a  conservative  assumption. 

'ITie  population  inversion  density  between  the  doubly  excited  state  and 
the  ground  state, 


JAt)  "  Nd(t)  -  wN  (t)  (All) 

where  ot  represents  the  ratio  of  the  statistical  weights  for  |d>  and  |g-. 

i  /-> 

The  appropriate  rate  equation  for  r((t)  takes  the  form 


d;  f(t) 


dt 


S 


Nd(t) 


f  1 


+ 


C  A 1  2  ) 


[f  we  use  the  above  solution  (A10)  for  Nd(t),  then  we  can  write 


j  A'cy 

dt 


S[ ( l+p)e 


Pi 


A  1 


(Ala) 


where  we  have  introduced 


p  =  10A  ,  t 

F  dg 


(A14) 


The  solution  of  equation  (A14)  can  be  expressed  in  the  form 


rjf (t)  =  -wNg(o)  -  S[x(l+p)(e  t/T  -  1)  +  pt] 


(A15) 


where  we  have  used  the  fact  that  N^(o)  =  0  in  evaluating  . 

To  ascertain  the  maximum  value  of  this  population  inversion  density, 
^ma:  ,  we  set  -  0.  The  justification  for  assuming  that  this  condition 

corresponds  to  a  maximum  is  obtained  by  reference  to  the  nature  of  equation 
( A 1 5 ) .  From  equation  (A13)  it  is  apparent  that  arises  when 


e  t//T  =  p/(l+p) 


(A16) 


which  amounts  to  stating  thatl_V"’  is  a  maximum  at  a  time 


=  ^nK1+P)/p] 


(A17) 


Substitution  of  (A16)  and  (A17)  into  (A15)  yields 


■jr  =  si 


i -pin  ( 


uN  (o) 


(A18) 


Clearly,  a  necessary  condition  for  creating  a  ground  level  inversion,  i.e., 
; A  >  0,  based  on  laser  stimulated  inverse  radiative  autoionization,  can  be 
expressed  in  the  form 


wN  ( o ) 
_  g 


1-pin  [  — 

L  Ip 


C  A 1 9 ) 


In  general,  R,.  +  A..  +  A.  '•  >  .A,  ,  so  that  p  <<  1  and  we  can  restate 
d l  di  dg  dg  1 

the  criterion  for  creating  a  ground  level  inversion  through  SIRA  in  the 
fo I  1  owing  : rime r : 


jd  v 

R  +A  +A  '  '"g(n) 

d l  dt  dg 


(A  20) 


Now  can  be  related  to  +  A^  through  the  equilibrium  relation 


Bid  -  (Rdi  *  Adi)/SdtTe’ 


(A21) 


where 


^ EQUIL 


W  M»7i 


=  2 


2™  kT  ,3/2  U  (T  )  E  /kT 

e  e  I  _1 — E_  e  Q1  e  (A22) 

co , 


Here  IL  (T  )  represents  the  ion  partition  function,  Tg  the  electron  tempera¬ 
ture  and  (jOj  is  the  statistical  weight  of  the  doubly  excited  state.  The 
other  constants  have  their  usual  meaning. 

If  (A21)  is  substituted  into  (A20)  we  have 


N  (R , . +A , .  ) 

- >  00N  (o)S  ,  (T  ) 

CRdi+Adi+V  8  d  e 


(A23) 


In  the  limit  of  strong  laser  radiation  (i.e.,  R,^  »  AH  +  AJo)  this  amounts 


di  "dg' 


to  requiring 


N 

ttV-t  =  S  (T  )  >  wS,(T  ) 
N  (o)  g  e  d  e 


(A24) 


where 


s  (t  )  =  2  : 


2"m  kT  ,3/2  U . (T  )  -E.  /kT 

c  e  I  1  e  e  lg  e 


co 


(A25) 


The  value  of  T  used  in  both  (A22)  and  (A25)  corresponds  to  the  LTE  value 
prior  to  irradiation  with  the  SIRA  laser.  If  (A22)  and  (A25)  are  used  in 
(A24)  we  are  able  to  see  that  the  criterion  for  laser  action  can  be  written 
in  the  form 


-E .  /kT  E,./kT 
di 

e  b  >  e 


(A26) 


which  makes  it  very  obvious  that  a  ground  level  population  can  never  be 
created  by  means  of  laser  stimulated  inverse  radiative  autoionization.  It 
slum  Id  be  noted  that  this  proof  is  fundamental  in  nature  and  does  not  require 
any  knowledge  of  the  cross  sections  involved.  However,  it  might  be  worth 
mentioning  that  the  plasma  was  assumed  to  be  in  EXE  prior  to  irradiation 
by  the  SIRA  laser  pulse.  Deviations  from  this  starting  condition  might 
lead  to  different  conclusions. 
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Fig.  A1  Schematic  of  laser  stimulated  inverse  radiative  autoionization 


these  were  shown1  to  be  negligible  in  our  experiments.  If  we  neglect 


j 


CIO  5  1  (s)  '(' V)  3  7? 


ct  a)!  the  incident  laser  irradiance  can  be  approximated  by  an  expression 


•rakes  almost  n?  d..*erenj*'  to  the  predicted  energy  absorbed.  This  result 
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Laser  resonance  saturation  of  alkali  vapors  represents  a  very  attractive  method  of  creating  the 
extended  plasma  channels  of  interest  in  light  ion  beam  fusion.  We  have  undertaken  a  preliminary 
study  of  the  influence  of  molecular  nitrogen  upon  this  laser  ionization  technique.  Our  results 
indicate  that  the  electron  cooling,  resonance  quenching,  and  the  increase  in  the  laser  energy 
requirement  are  acceptable,  providing  that  the  alkali  seeding  exceeds  0.5%. 

PACS  numbers:  52.50.Jm,  52.20.Fs,  52.25. Ps 


I.  INTRODUCTION 

A  fusion  reactor  based  upon  multiple  light  ion  beam 
drivers  promises  to  be  less  expensive  and  more  efficient  than 
other  inertial  confinement  reactor  schemes.  The  light  ion 
beam  approach  to  fusion  also  lends  itself  to  methods  of  mini¬ 
mizing  the  wall  loading  of  such  a  reactor  by  employing  a 
large  reactor  cav  ity  and  using  an  atmosphere  that  will  absorb 
most  of  the  energy  liberated  (other  than  that  released  in  the 
form  of  fast  neutrons)  when  the  fuel  pellet  undergoes  fusion. 
A  stand  off distance  of  several  meters  may  be  required  in 
order  to  protect  the  array  of  ion  diodes  from  the  microexplo- 
sion.  a1  '  ’his  will  necessitate  the  development  of  an  efficient 
mode  (  n  beam  transport  across  the  reactor  chamber. 

I  here  is  a  reasonable  body  of  experience  that  has  dem¬ 
onstrated  that  light  ion  beams  can  be  efficiently  transported 
for  distances  of  at  least  one  meter  by  means  of  current  carry¬ 
ing  plasma  channels  1  1  These  plasma  channels  provide 
both  charge  and  beam  current  neutralization  and  sufficient 
azimuthal  magnetic  field  to  confine  and  guide  the  ions.  Re¬ 
cent  experiments  have  also  shown  that  these  discharge  chan¬ 
nels  can  be  initiated  and  guided  by  laser  heating  of  a  molecu¬ 
lar  gas.4 '  In  this  work  a  CO,  laser  is  used  to  vibrationally 
excite  ammonia  molecules,  thereby  creating  a  low  density, 
very  weakly  ionized  channel  for  guiding  the  discharge.  Al¬ 
though  this  approach  may  be  adequate  for  testing  the  con¬ 
cept  it  is  unlikely  to  be  a  candidate  for  a  fusion  power  reac¬ 
tor,  where  the  ambient  temperature  could  be  in  excess  of 
1000  “K. 

We  have  proposed6  that  saturating  a  strong  transition 
within  one  of  the  gaseous  constituents  (such  as  lithium  va¬ 
por)  of  a  fusion  reactor  with  an  appropriately  tuned  laser 
represents  an  almost  ideal  method  of  creating  the  multiple 
electrical  discharge  guide  paths.  In  regard  to  this  task  the 
advantages  inherent  in  our  proposed  laser  ionization  based 
on  resonance  saturation — LIBORS  technique  are 

( 1 )  High  Efficiency  due  to  the  large  cross  sections  in¬ 
volved  in  directly  converting  the  laser  energy  into  ionization 
and  electron  energy; 

(2)  Complete  Ionization  ( >  95%)  of  laser  pumped  spe¬ 
cies  along  the  path  of  the  laser  beam,  even  for  relatively  mod¬ 
est  values  of  laser  irradiance; 

(3)  Uniform  Plasma  Channels  should  be  formed  due  to 
the  linear  rate  of  energy  deposition  along  the  path  of  the  laser 


beam; 

(4)  Superelastic  Heating  of  the  free  electrons  to  provide 
high  conductivity  channels; 

(5)  Rapid  Formation  of  the  plasma  channels  through 
exponential  growth  of  ionization; 

(6)  Minimum  Pellet  Preheat  by  the  laser  radiation  due  to 
the  modest  demand  of  laser  energy; 

(7)  Compatibility  of  the  constituent  (such  as  lithium  va¬ 
por),  that  is  amenable  to  LIBORS,  with  the  proposed  operat¬ 
ing  conditions  within  a  fusion  reactor;  and 

(8)  Resonance  Line  Lasers  currently  under  develop¬ 
ment7  could  lead  to  a  simplification  of  the  design  and  oper¬ 
ation  of  the  lasers  required  for  LIBORS. 

In  our  initial  study6  we  have  shown  that  a  laser  pulse  of 
less  than  1  J  would  be  required  to  create  a  plasma  channel 
with  an  electron  density  of  close  to  lO15  cm  "  ’  over  a  5-m 
path  in  the  case  of  a  0. 1-Torr  sodium  atmosphere.  Further¬ 
more,  we  can  say,  based  on  our  recent  development  of  a 
simple  model  of  LIBORS/ 14  that  this  estimate  would  also 
apply  to  a  similar  lithium  atmosphere.  This  can  be  seen  by 
reference  to  Fig.  1 ,  where  the  variation  in  the  95%  ionization 
burnout  time  with  laser  irradiance  is  presented  for  lithium, 
sodium,  potassium,  and  rubidium.  Although  these  ioniza¬ 
tion  times  were  estimated  on  the  basis  of  a  spatially  uniform, 
step-like  laser  pulse,  we  have  recently  shown14  that  in  the  case 
of  sodium,  allowance  for  a  realistic  laser  pulse  (both  spatially 
and  temporally)  should  lead  only  to  a  doubling  of  the  ob¬ 
served  ionization  time.  By  way  of  illustration,  in  Fig.  2,  we 
present  the  time  history  of  the  growth  in  the  free  electron  line 
density .  I  e  ft )  for  three  kinds  of  laser  pulse. 

An  analysis10  of  the  radiant  heat  pulse,  from  the  fusion 
created  fireball  within  the  atmosphere  of  a  light  ion  beam 
reactor,  has  suggested  that  it  might  lead  to  excessive  loading 
of  the  reactor  walls.  A  more  recent  analysis1 1  has  found  that 
seeding  this  argon  atmosphere  with  as  little  as  0.2%  of  sodi¬ 
um  vapor  could  degrade  this  heat  pulse  to  a  more  satisfac¬ 
tory  level.  Thus  it  would  appear  that  the  alkali  vapor  could 
serve  two  useful  purposes  within  the  reactor.  The  possibility 
of  using  a  molecular  gas  as  the  main  constituent  of  the  reac¬ 
tor  cavity  atmosphere  has  also  been  suggested.12 

In  this  paper,  we  report  on  an  initial  study  of  the  influ¬ 
ence  a  of  molecular  gas  upon  the  plasma  channel  formation 
potential  of  LIBORS.  Nitrogen  was  chosen  as  a  representa- 
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FIG.  1 .  Variation  of  95%  ionization  burnout  times  r*  with  laser  irradiance 
/',  as  predicted  by  simple  model  for  lithium,  sodium,  potassium,  and  rubi¬ 
dium,  corresponding  to  initial  density  ,V„  =  10"  cm 

tive  molecular  gas  with  no  obvious  disadvantage.  In  particu¬ 
lar,  we  set  out  to  see  if  laser  resonance  saturation  of  sodium 
vapor  could  still  lead  to  the  formation  of  a  plasma  channel 
with  an  electron  density  of  close  to  1015  cm"  ’,  in  a  time  of 
less  than  1  /zsec  in  the  presence  of  molecular  nitrogen  at  a 
density  of  at  least2x  10l7cm~\  In  addition,  we  have  evalu¬ 
ated  the  increase  in  the  minimum  laser  energy  required  for 
the  creation  of  such  channels  by  this  background  gas.  Where 
possible  we  have  made  simplifying  assumptions  that  are 
strongly  conservative  and  we  therefore  expect  that  our  re¬ 
sults  will,  if  anything,  overpredict  the  laser  energy  required 
to  create  these  plasma  channels.  Even  so,  our  analysis  is  en¬ 
couraging  because  it  indicates  that  LIBORS  still  represents 
an  efficient  and  low  energy  methr X.  of  producing  the  dis¬ 
charge  guide  path  necessary  for  ic  n  beam  transport. 

II.  LASER  IONIZATION  WITH  NITROGEN 
BACKGROUND  GAS 

The  presence  of  an  appreciable  background  density  of  a 
molecular  gas  such  as  nitrogen  will  invariably  have  a  detri¬ 
mental  effect  on  the  laser  ionization  process.  Clearly  the 
large  number  of  internal  energy  states  associated  with  a  mol¬ 
ecule  will  represent  an  effective  sink  for  the  energy  of  both 
the  free  electrons  and  the  laser  excited  species.  The  most 
serious  of  these  are  considered  below. 

A.  Potential  influence  of  nitrogen 

(i)  Free  electron  cooling  through  excitation,  dissocia¬ 
tion,  and  ionization  of  the  nitrogen  molecules,  viz., 

e  +  N,— »N2*  +  2e  —  (15.58  eV)  ionization , 

e  ~  +  N2— *N  +  +  N  4-  2e~  —  (14.54  eV)  dissociative 
ionization, 

e  +  N2-*N  +  N  +  «  —  (9.76  eV)  dissociation. 

The  group  of  interactions  shown  above  are  all  expected  to  be 
unimportant  due  to  the  relatively  low  electron  temperature 
found  in  LIBORS  of  the  alkali  metal  vapors  (typically  S  1 
eV).  In  the  case  of 


e  +  N,— ►Nj+e  —(>6.2  eV)  electronic  excitation, 

the  energy  spacing  between  the  ground  state  (X  '£  g )  of  N2 
and  its  first  excited  electronic  state  (A  3£  g+ )  is  about  6.2  eV 
and  so  electronic  excitation  of  N2  should  also  be  relatively 
unimportant  unless  the  alkali  seeding  drops  below  0.1%. 
Thus,  the  primary  cooling  mechanism  for  the  free  electrons 
has  been  assumed  to  result  from 

e  ~  +  N2— >N2  +  e~  —  (~0.01  eV)  rotational  excitation, 
and  e  ~  +  N2(tzz> — ►N2(tz)  +  e~  —  (eu  —  ew)  vibrational 
excitation, 

of  the  nitrogen  molecules,  where  Aeuw=eu  —  ew 
s:  {u  —  w)  X  0  29  eV).  ew  represents  the  energy  of  vibrational 
state  described  by  the  w- vibrational  quantum  number  and 
u>w. 

(ii)  Quenching  of  the  laser  excited  resonance  state 
through  vibrational  excitation  of  nitrogen  molecules 

Na(3/>)  +  N2(u,HNa(3*)  +  N2(u)  +  [E2l  -  Aeuw], 

where  E2]  represents  the  sodium  resonance  energy  (equal  to 
the  laser  photon  energy). 

We  see  that  for  each  resonance  state  atom  quenched  by 
collision  with  a  nitrogen  molecule,  the  excess  energy  be¬ 
tween  the  resonance  energy  and  that  required  to  vibrational- 
ly  excite  the  molecule  from  w  to  u,  goes  into  translational 
energy  of  the  colliding  species,  thereby  heating  the  gaseous 
mixture.13 

(iii)  Depletion  of  the  alkali  seed  atoms  through  the  for¬ 
mation  of  nitrides  has  been  assumed  to  be  negligible  due  to 
the  low  decomposition  temperature  of  these  compounds 
(e.g.,  NaNj  decomposes  for  T >  300  °K). 


0  50  100  150  200  250 

TIME  (nsec) 


FIG.  2.  Comparison  of  the  lemporal  variation  of  the  free  electron  line  den¬ 
sity  .  I  e  of  a  sodium  column  evaluated  to  a  radius  of  0.6  cm  for  the  three 
cases  In  Steplike,  flat  laser  pulse  for  /  '  =  lO*  W  cm  3;  (iil  Laser  pulse  is 
assumed  to  have  realistic  temporal  variation  but  uniform  radial  distribution 
out  to  0.6  cm.  Energy  in  the  pulse  is  set  to  be  0. 808  J  corresponding  to  a  peak 
irradiance  of  10"  W  cm  2;  liii  l  Laser  pulse  is  assumed  to  have  both  a  realistic 
temporal  variation  and  a  Gaussian  radial  distribution  with  an  exponential 
radius  of  0.20  cm  and  an  energy  of  0.091  J.  giving  a  peak  irradiance  of  10'’ 
W  cm  !. 
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(iv)  Removal  of  low  energy  electrons  through  the  for¬ 
mation  of  N2~  appears  to  be  negligible  due  to  the  negative 
electron  affinity  of  N2. 14 

It  is  apparent  that  the  two  most  important  interactions 
to  be  considered  are  electron  cooling  and  direct  resonance 
level  quenching,  through  vibrational  excitation  of  the  nitro¬ 
gen  molecules.  We  shall  now  consider  each  in  turn. 

B.  Electron  cooling  through  vibrational  excitation  of 
nitrogen 

The  total  electron-nitrogen  scattering  cross  section  is 
found  to  peak  just  in  the  energy  range  of  interest. 1 5  The  mag¬ 
nitude  and  structure  of  this  cross  section  is  associated  with  a 
resonance  interaction  that  leads  to  the  vibrational  excitation 
of  N2  through  the  momentary  formation  of  N2"  according  to 
Herzenberg'6  and  Birtwistle  and  Herzenberg. 17  The  absence 
of  an  electric  dipole  moment  for  N2  ensures  that  the  prob¬ 
ability  of  direct  vibrational  excitation  is  small.15 

The  LIBORS  energy  equation8  for  the  free  electrons  in 
the  presence  of  nitrogen  molecules  can  be  written  in  the  form 

=  A'A*2I*2.  +  (2 E2l  - Ec2)N^F2 
dt 

+  4(2 Eh  -EA)N\aAv 

+  ((3£2,  —  Ed)N \aL  Fv 

4-  £(£2I  -E„]N„*"F 

n->  2 

-N,%N„K„eE,„  -NeC 

n  >  I 

-  A' l H,,  -NtNHea+Nl^KcnEcn 

l 

-  N \e,  £/?(«)  +  N,^^{avyuwnuA£uu, 


u  •  IV 

where  e,  ( J )  represents  the  mean  translation  energy  and  N, 
the  density  of  the  free  electron.  Note  N2  in  this  equation 
represents  the  sodium  resonance  state  population  density 
and  jV„  (cm  ')  represents  the  population  density  of  the  n 
level  in  sodium.  nu  and  nu  represent  the  respective  nitrogen 
population  densities  in  the  u  and  w  vibrational  states  of  the 
ground  electronic  state. 

The  first  term  on  the  RHS  of  Eq.  ( 1 )  represents  the  su¬ 
perelastic  heating  term  for  the  free  electrons  arising  from 
electron  collision  quenching  of  the  laser  sustained  resonance 
level  population.  £„„(./)  represents  the  energy  separation 
between  levels  m  and  n  of  the  laser  pumped  species,  LFS.  E,n 
represents  the  ionization  energy  of  level  n  of  LPS  and  K,n 
represents  the  three-body  recombination  rate  coefficient  for 
level  n.  The  next  three  terms  of  Eq.  (1|  represent  the  contri- 
bufion  to  the  free  electron  energy  from  the  three  most  likely 
electron  seed  creation  processes.  In  the  case  of  sodium:  (i) 
resonance  state  two-photon  ionization  N a( 3/7 )  +  2/iv— *Na  * 
+■  e  4-  KE  I  ~  1.17  eVt,  (ii)  associative  ionization  Na|3p) 


+  Na(3p)— rVa2+  +  e~  +  KE  (=0.04  eV),  (iii)  laser-in¬ 
duced  penning  ionization  Na(3p)  +  Na(3p)  +  hv— ►Na+ 

+  Na(3r)  +  e~  +KE  (si. 17 eV). 

Na(3p)  and  Na(3s)  represent  a  resonance  and  ground  state 
atom,  respectively,  hv  represents  the  laser  photon  energy 
and  corresponds  to  the  energy  difference  between  the  reso¬ 
nance  and  ground  states  £21.  oi2’  (cm4  sec)  represents  the 
two-photon  ionization  rate  coefficient  (sometimes  referred 
to  as  the  generalized  cross  section)  for  the  resonance  level;  aA 
and  Ea  represent,  respectively,  the  cross  section  and  ioniza¬ 
tion  energy  corresponding  to  associative  ionization;  aL  (cm4 
sec)  represents  the  cross  section  for  laser-induced  Penning 
ionization,  u  represents  the  mean  velocity  of  the  LPS. 

(cm2)  represents  the  single  photon  ionization  cross 
section  for  level  n,  and  the  sum  extends  over  all  levels  n  >  2 
for  which  ionization  by  a  single  laser  photon  can  be  achieved, 
F  (photons  cm-2  sec  -  ’)  represents  the  appropriate  photon 
flux  per  unit  area  of  the  laser  beam,  i.e., 


C  represents  the  loss  of  energy  per  electron  due  to  the  net 
collisionally  induced  upward  movement  of  bound  electrons 
(exclusive  of  the  resonance  superelastic  term)  and  is  given  by 

C=  X  £(^m-^m£mn)£mn+(V2£2l£21, 

n  =  lm>« 

where  N2£2I£2I  represents  the  laser-induced  superelastic 
heating  term  for  the  free  electrons.  He,  represents  the  rate  of 
elastic  energy  transfer  to  ions  through  Coulomb  scattering 
collisions,  and  if  the  electrons  and  ions  have  Maxwellian 
velocity  distributions  Hei  takes  the  form18 


where  T,  (K)and  T,  (K)  represent  the  respective  electron  and 
ion  temperatures  [viz.,  e,  =  (3/2)k7'r)  and  m,  (g)]  and  m,  (g) 
their  respective  masses,  e  is  the  electronic  charge  (esu).  N 
(cm  '  ')  represents  the  total  neutral  atom  density,  and  H,a 
represents  the  rate  of  elastic  energy  coupling  between  the 
free  electrons  and  the  neutral  atoms.  We  can  approximate 
H,a  by 


where  a,,a  represents  the  electron  atom  elastic  scattering 
cross  section.  P  (n)  represents  the  radiative  recombination 
rate  coefficient  for  level  n  of  the  LPS. 

The  last  two  terms  of  Eq.  ( 1 )  take  account  of  the  energy 
gained  and  lost  to  the  free  electrons  through  vibrational  de¬ 
excitation  and  excitation  respectively.  (crv)‘uu  represents  the 
electron  collisional  excitation  rate  coefficient  for  excitation 
from  w  to  u. 

The  electron  energy  equation  can  be  divided  into  two 
equations,  one  taking  account  of  the  rate  of  change  of  the 
electron  density  and  the  other  giving  the  rate  of  change  of  the 
mean  electron  translational  energy.  If  we  assume  that  the 
free  electrons  are  described  by  a  Maxwellian  velocity  distri¬ 
bution  corresponding  to  an  electon  tempcature  T,,  then  we 
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can  write  for  e,  =  (3/2 )kT„ 


3  ,dT,  1  \d,„  ,  dN. 

Tk~7T  =  Trb:  WO  ~e‘-r~  ’ 

2  JV,  Idr  dr 


where 

-~=Nt  £NnKnc 

Gt  n  >  1 

+  £*>>  +  «/• 2 
n  >  2 

+  ^-N\{a4v  +  aLvF\ 

-N)  X*„.  (3) 

«>  I  «>  1 

and  d  (Neer)/dt  is  given  by  Eq.  (1). 

We  see  that  the  influence  of  the  nitrogen  molecules  is 
felt  through  their  effect  on  Te,  and  subsequently  on  the  var¬ 
ious  electron  collisional  rate  coefficients.  In  order  to  deter¬ 
mine  the  extent  of  this  influence  we  need  to  solve  not  only  the 
atomic  population  rate  equations  and  energy  equations,  but 
also  the  appropriate  set  of  nitrogen  vibrational  state  popula¬ 
tion  rate  equations, 

X  n<A<rv)l»  ~nu  X 

i  U1  ^  u  u>^u  J 

+  MT  \nu  nuP(u  +  l,u,u),w  +  l) 

lu  /  u 

+  n„.nu  ,P(u  -  \,u,u>,w  —  1) 

-  n«  *  i nuP[u,u  4-  1,10  4-  l,u>) 

~nu,  ,n„P(u,u  -  l,u>  -  l,u>)|].  (4) 

The  first  two  summation  terms  in  Eq.  (4)  take  account 
of  the  electron  induced  rates  of  excitation  and  de-excitation 
of  the  ground  electronic  state  having  a  vibrational  quantum 
number  “m”.  The  subsequent  four  summation  terms  are  con¬ 
cerned  with  the  rate  of  creation  and  rate  of  destruction  of  the 
population  in  this  u-vibrational  state  through  vibration-vi¬ 
bration  energy  exchange  collisions  between  nitrogen  mole¬ 
cules.  Thus  (ov)h  represents  the  elastic  (gas  kinetic)  collision 
rate  coefficient  between  nitrogen  molecules. 

P(n+  \,u,w,w  +  1 )  represents  the  probability  that  in  a  colli¬ 
sion  between  two  nitrogen  molecules  there  will  be  a  vibra¬ 
tional  exchange  of  energy  equal  to  one  quanta  of  vibration 
energy,  i.e.,  the  molecule  that  was  in  state-(u  4-  1 ),  drops  to  u, 
while  the  molecule  that  was  in  state-10  is  raised  to  10  4-  1 . 
For  a  harmonic  oscillator  it  can  be  shown  that'1' 

P{u  4-  \,u,w,w  +  1)  =  P[u,u  4-  l,u>  4-  1,10) 

=  («+  1KW4-  \)P{\, 0,0,1),  (5) 

and 

P\u,  u  —  1,10  —  l,t0)  =  P{u  —  1  ,u,w,w  —  1)  =  uwP(  1,0,0, 1). 

(6) 

If  we  further  introduce  the  total  nitrogen  density, 

*/-*X"-  (7) 

and  the  average  vibrational  quanta 


then  we  can  write 


*u  X 


+  -[(«+ IKK +!)».+, 

Tv 

-  \u  +(2u  +  l)V\nu  4-  uVnu _  ,  ] , 

where 


(9) 


r’/=[<cn;>£n7.P(l, 0,0,1)]  1  (10) 

represents  the  effective  relaxation  time  for  vibrational 
exchange. 

A  set  of  equations  of  the  form  given  by  Eq.  (9)  needs  to 
be  solved  in  conjunction  with  the  normal  set  of  LIBORS 
equations  and  the  amended  electron  energy  equation  [Eq. 
(2)].  In  general  the  rate  of  electron  excitation  from  the  lowest 
vibrational  state  is  larger,  or  of  the  same  order  of  magnitude, 
than  that  from  any  of  the  higher  vibrational  states.  In  addi¬ 
tion  a  molecule  in  an  excited  vibrational  state  can  be  colli- 
sionally  de-excited  and  heat  the  free  electrons.  Consequent¬ 
ly,  if  we  assume  that  essentially  all  of  the  nitrogen  molecules 
are  in  their  lowest  vibrational  state,  the  rate  of  electron  cool¬ 
ing  will  be  as  large  as  possible  and  we  will  invariably  under¬ 
estimate  Te .  This  in  turn  will  lead  to  a  conservative  estimate 
of  the  lengthening  of  the  ionization  time  associated  with  the 
molecular  background  gas.  With  the  assumption  that  all  the 
nitrogen  molecules  are  in  the  lowest  vibrational  state  we 
avoid  having  to  solve  the  set  of  vibrational  rate  equations, 
and  can  write  for  the  electron  energy  equation 

^  ^  y 

—k-~~  =  LIBORS  terms  -  n0  Y  < av)e0u,Aeui) ,  (11) 

2  at  w>o 

where  n0  is  set  equal  to  the  total  nitrogen  density  and  the 
LIBORS  ’erms  of  Eo  (11)  refer  to  all  the  terms  of  Eq.  (2) 
exclusive  of  those  involving  nitrogen. 

It  should  also  be  noted  that  (ov)lu.  decreases  as  w  in¬ 
creases  and  so  in  our  preliminary  work  we  have  summed  tc^j; 
10  =  8  in  Eq.  (II).  These  rates  were  numerically  evaluated 
from  the  cross-sectional  data  available  in  the  literature.2"  It 
should  be  noted  that  these  cross  sections  include  both  rota¬ 
tional  and  vibrational  excitations.  The  subsequent  vibration¬ 
al  cooling  term  in  Eq.  (11)  is  dependent  upon  the  electron 
temperature  and  is  fitted  by  an  expression  of  the  form 
nt)AT"  exp(C/r, .)  in  our  LIBORS  code,  where 
A  =  8.685X  10  4,  B=  -  0.9678,  C=  -  2..^9X  10J,  and 
Tr  is  in  K. 


C.  Resonance  quenching  through  vibrational  excitation 
of  nitrogen 

In  addition  to  cooling  the  electrons  the  nitrogen  mole¬ 
cules  will  also  quench  the  resonance  state  sodium  atoms 
through  the  following  interaction 

Na(3p)  4-  N2|i0)-*Na|3s)  4-  N,(«)  4-  (£2i  —  Aeuu.). 

Here  again  N:lu  |  and  N,(ul  represent  nitrogen  molecules  in 
the  it’  and  u  vibrational  states,  respectively.  In  such  a 
quenching  collision  the  vibration  energy  of  the  nitrogen  mol¬ 
ecule  is  increased  and  the  difference  between  the  atom  reso¬ 
nance  energy  and  the  gain  in  vibrational  energy  will  appear 
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in  the  form  of  increased  translational  energy  of  the  collision 
partners.  This  form  of  heating  will  be  considered  later. 

Each  time  a  sodium  resonance  atom  is  returned  to  its 
ground  level  by  juenching  collision,  an  additional  laser 
photon  is  required  to  elevate  the  atom  back  to  its  resonance 
state.  In  effect  this  raises  the  value  of  the  saturated  spectral 
ir radiant?  /,(v).  As  was  first  shown  by  the  author11  the  reso¬ 
nance  and  ground  level  populations  of  the  laser  excited 
atoms  are  only  locked  in  the  ratio  of  their  degeneracies  g,  if 
/'(v)  >f,M,  where  /  '(v)  is  the  laser  spectral  irradiance  (as¬ 
sumed  broadband  compared  to  the  atomic  linewidth).  The 
saturated  spectral  irradiance 


/,(v)= 


8  7 rhv3  Jr™1 


Vu+gU  "2I 

where  hv  is  the  laser  photon  energy,  c  is  the  velocity  of  light, 
v  is  the  frequency  of  the  laser  radiation,  rrad  is  the  radiative 
lifetime  of  resonance  level  and  r  is  the  actual  lifetime  in  the 
presence  of  quenching  collisions. 

In  the  case  of  the  sodium  resonance  transition, 

/,(v)~6.07 x  10“ 10  W  cm-2  Hz”1, 


in  the  absence  of  collisional  quenching.  If  the  laser  band¬ 
width  is  about  0. 1  nm  (or  86  GHz)  this  corresponds  to  stating 
that  for  saturation 


/'>52  Wcm"2. 


In  general  we  can  write 

7  =  *2,  +  N, {*,,  +  Kn  +  2  *2. }  +  I *„£<<»>«.. 

(13) 

where  ( av )  ® ,  is  the  nitrogen  collision  quenching  rate  in  volv- 
ing  vibrational  transitions  from  u  to  uj  and  A2,  represents  the 
Einstein  spontaneous  transition  probability  for  the  reso¬ 
nance  to  ground  transition.  If  we  assume  as  before  that  the 
majority  of  the  nitrogen  molecules  are  in  the  lowest  vibra¬ 
tional  level  of  ground  electronic  state  then  we  can  write 

7  =  ^i  +  K>2  +  (14) 

where 


c?,  d5) 

w 

and  £7$,,  is  the  effective  cross  section  for  vibrational  excita¬ 
tion  from  0  to  w  through  quenching  with  Na(3p), 


v 


Q  _ 


8  kT  1/2 
trfi 


T  is  the  gas  temperature,  and  p  is  the  reduced  mass  for  the 
sodium-nitrogen  collision. 

In  Table  I  we  present  estimates22,21  of  the  Na(3p)-N, 
quenching  cross  sections  and  the  corresponding  energy  de¬ 
fects  Elx-A  e0a,.  In  the  absence  of  nitrogen  the  electron  super¬ 
elastic  quenching  leads  to  a  minimum  resonance  state  life¬ 
time  of  about  12.5  nsec  (compared  to  r“d~  15.9  nsec)  for  a 
sodium  atom  density  of  5  X  1011  cm  \  corresponding  to  a 
vapor  temperature  of  670  K.24  The  presence  of  2  X  1017 
cm  " 1  of  nitrogen  molecules  further  reduces  this  lifetime  to 
about  2.2  nsec,  which  in  turn  increases  the  requirement  for 


laser  saturation,  from  Eq.  (12) 

7'>295  Wcm-2. 

This  poses  no  problem  as  the  values  of  laser  irradiance 
throughout  our  analysis  considerably  exceeds  this  value. 

The  power  extracted  per  unit  volume  from  the  laser 
field  resulting  from  these  nitrogen  quenching  collisions  can 
be  expressed  in  the  form 

Q'n„=noN2VaE2,Z°$w,  116) 

w 

and  is  included  in  the  LIBORS  code  to  allow  for  the  addi¬ 
tional  laser  power  density  absorbed  in  the  presence  of  nitro¬ 
gen.  N2  is  again  the  sodium  resonance  state  density. 

For  times  somewhat  less  than  the  ionization  time  we 
can  approximate  Eq.  (16)  by  the  form 

e'.,=GnoiV0us£2l2<  117) 

w 

where  we  have  assumed  laser  saturation  which  gives21 
N2  =  GN0  (18) 

with 

G  =  — (19) 

1  +  g- 

For  N0  =  5x  1011  cm-1,  n0  =  2X  1017  cm-1  we  have  Q'„ 
~6.76x  104  W  cm-1  using  the  values  of  a$u,  given  in  Table 
I.  This  represents  a  fairly  large  rate  of  laser  energy  deposition 
into  the  nitrogen  gas.  Indeed,  the  rate  of  translationally  heat¬ 
ing  the  nitrogen  molecules  (e„  is  mean  thermal  energy  of  a 
nitrogen  molecule)  is  given  by  the  expression 

— -  =  GN(tu^<  [E 2 ,  -  de0u,  | .  (20) 

Cl  l  w 

At  A7,,  =  5x  10|Scm~1and  n0  =  2x  10l7cm_,Eq.  (20) 
gives  den/dt~  6.50  X  105eV  sec" 1  molecule"  '.and  leads  to 
an  increase  in  temperature  of  503  K  for  each  100  nsec  of 
laser  irradiation  (until  appreciable  ionization  occurs). 

This  gas  heating  would  invariably  lead  to  thermal  de¬ 
population  of  the  vibrational  ground  state  and  as  indicateo 
earlier  wouL  reduce  the  electron  cooling  rate.  This  would 
mean  that  Te  would  be  higher  and  the  ionization  time  re¬ 
duced.  This  is  consistent  with  our  statement  that  our  calcu¬ 
lations  would  be  conservative.  That  is  to  say,  our  estimate  of 
the  increase  in  laser  energy  required  in  the  presence  of  N, 
will  be  larger  than  required  in  reality. 

We  have  also  omitted  the  ion-nitrogen  translation  ener- 


TABLE  I  Sodium/nitrogen  resonance  quenching  cross  sections  and  en¬ 
ergy  defects 


Vibrational 

excitation 

<7,V„  (A  ) 

E\,  -  Je„„  |eV) 

0  .3 

3.74 

1.23 

0-4 

5  86 

0  94 

O  -5 

7  81 

065 

0  .6 

6.03 

0.36 

0  .7 

1.9 

0.07 
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Sodium  No  *  5*I018  cm-3 


FIG.  3.  Variation  of  three  primary  seed  ion¬ 
ization  rates  with  laser  irradiance  for  sodi¬ 
um  at  5  x  10”  cm-3.  (dN,/di  )|^ —  associ¬ 
ative  ionization  rate,  {dN,/dt  )|,  —  laser 
induced  penning  ionization  rate  and 
(dN,/dt  )|r —  two  photon  resonance  state 
ionization. 


assuming  a  N0  =  5  X  10'5  cm"3.  The  results  (for  the  cross 
sections  used  in  most  of  our  code  runs)  are  presented  as  the 
full  lines  in  Fig.  3.  It  is  evident  that  associative  ionization  will 
dominate  for  / 1  S  2  X  107  W  cm  “ 2,  while  two  photon  ioniza¬ 
tion  of  the  resonance  level  will  be  the  primary  seed  ionization 
process  for  higher  values  of  laser  irradiance. 

Rece'  s '  periments25  have  suggested  that  the  laser  in¬ 
duced  Pei>..,ng  cross  section  a,  could  be  as  large  as 
5.6 X  10 "4I  cm4  sec,  and  so  we  have  added  this  result 
(broken  curve)  to  Fig.  3.  Clearly,  if  this  is  correct,  laser  in¬ 
duced  penning  ionization  is  likely  to  be  the  dominant  seed 
electron  creation  process  over  the  I '  range  of  interest.  Never¬ 
theless,  most  of  our  LIBORS  code  runs  used  the  smaller 
value  of2x  10  44  cm4  sec  for  aL.  It  is  evident  that  if  we  had 
used  the  larger  value  of  aL  the  ionization  time  would  have 
been  somewhat  shorter  and  this  would  have  had  the  effect  of 
reducing  the  amount  of  laser  energy  required  to  form  a  plas- 


TABLE  II. 

LIBORS  code  results  with  and  without  nitrogen.  I1 

=  lO*  W  cm  •’;< 7, 

=  2x10  44  cm4  sec;  a1- 

31  =1.66x10  44  cm4  sec;cr,  =5x10  '“cm;. 

Sodium 

density 

V„  |tm  ') 

Nitrogen 

density 

n„  Icm  ') 

Computer 

run 

time  Insec! 

Electron  density 
achieved 
,V ™'(cm  '} 

Electron  temperature 
at  end  of  run 

T,  IKl 

1  X  10" 

0 

606 

9.988  X  10’4 

6275 

3x  10" 

0 

218 

2  993x  10” 

6930 

5x  10" 

0 

220 

4.982  x  10" 

6889 

1  X  I0” 

0 

120 

9  957  .■  10" 

7581 

1  X  10" 

2x  10’’ 

1000 

1.051  X  10” 

4293 

3x  10" 

2x  10’’ 

804 

2  500x  10" 

3787 

5x  10" 

2x  10’’ 

430 

4.284x10" 

4060 

1  x  10” 

2x  10” 

225 

8  836x  10" 

4500 

IX  10" 

3x10"' 

1000 

2.284  x  10" 

2758 

3x  10" 

3x  10'" 

1000 

3.505x10” 

3226 

5x  10" 

3  x  lO’” 

1000 

1.144x10” 

3365 

IXlO" 

3 x  I0"1 

527 

5.105x10” 

3508 

gy  exchange  terms  from  the  ion  energy  equation.  Such  a 
term  would,  in  effect,  tend  to  prevent  the  ion  temperature 
from  rapidly  rising  towards  the  electron  temperature  and 
thereby  mean  that  the  electron-ion  energy  loss  term  [N2//„ 
of  Eq.  ( 1 )]  would  remain  large  for  a  longer  period.  This 
should  not  affect  the  ionization  time  and  in  order  to  test  this 
we  ran  one  case  where  the  ion  temperature  was  forced  to  stay 
at  room  temperature  (an  extreme  example).  The  results  of 
this  run  confirmed  our  justification  for  avoiding  the  com¬ 
plexity  of  including  the  ion-nitrogen  energy  exchange  terms. 

O.  LIBORS  computer  code  results  with  and  without 
nitrogen 

In  order  to  see  which  of  the  seed  ionization  processes  is 
likely  to  dominate  at  any  given  value  of  laser  irradiance,  we 
have  evaluated  the  ionization  rate  for  each  as  a  function  of  I ' 
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FIG.  4.  Percentage  degree  of  ionization  achieved  within  one  microsecond 
for  several  sodium/nitrogen  atmospheres  assuming  a  laser  irradiance  of  106 
W  cm  5. 


TIME  (  /i sec  ) 


FIG.  5.  Dependence  of  electron  and  ion  temperature  time  histories  on  sodi¬ 
um  density  assuming  106  W  cm  “ 5  laser  irradiance  and  a  nitrogen  density  of 
2xlO'7cm-J. 


ma  channel  of  a  given  length.  We  have  proved  this  to  be  the 
case  for  one  set  of  conditions  where  the  ionization  burnout 
time  was  indeed  reduced  by  about  a  factor  of  3.  This  reaf¬ 
firms  our  assertion  that  our  predictions  will  be  conservative. 

In  Table  II  we  present  the  results  of  a  broad  series  of 
LIBORS  code  runs  used  to  gauge  the  likely  conditions  of 
interest.  These  runs  were  also  used  to  ascertain  the  degree  of 
ionization  achievable  within  1  /z sec  at  a  laser  irradiance  of  1 
MW  cm  ~ 2.  The  results  are  presented  in  Fig.  4  and  from 
these  we  can  see  that  in  order  to  obtain  an  appreciable  degree 
of  ionization  (i.e.,  a  >  50%),  the  sodium  doping  density 
JV„Z  3x  1015  cm'1  for  a  nitrogen  density  n„~2X  10'7 
crn  \  It  might,  however,  be  noted  from  Table  II  that  if  a 
plasma  channel  with  an  electron  density  of  10' 3  cm  ~  3  is  ac¬ 
ceptable,  then  a  sodium  vapor  density  as  low  as  1015  cm  -  3  is 
adequate  even  with  a  nitrogen  background  density  of 
2  x  10' 7  cm  '  provided  a  laser  irradiance  of  at  least  10ft  W 
cm  2  is  maintained  for  a  1  /zsec  period  along  the  path  of  the 
beam. 

Since  the  presence  of  nitrogen  leads  primarily  to  a  cool¬ 
ing  of  the  electrons  we  decided  to  check  the  variation  of  this 
cooling  with  sodium  density  for  a  given  laser  irradiance  and 
nitrogen  density.  The  results  are  presented  in  Fig.  5  where  it 
is  evident  that  both  the  plateau  and  minimum  values  of  the 
electron  temperature  decrease  with  decreasing  sodium  den¬ 
sity  for  a  given  nitrogen  density.  The  corresponding  vari¬ 
ation  in  ionization  burnout  time  can  be  seen  by  reference  to 
Fig.  6  Clearly,  the  ionization  time  increases  and  the  final 
electron  density  achieved  decreases  with  decreasing  ,V„.  It  is 
evident  from  these  results  that  plasma  channel  formation 
with  an  electron  density  of  about  10|3cm  'should  be  attain¬ 
able  within  1  fjsec  provided  A’„>5  x  101'  cm  /  £  10h 
W  cm  2  and  n,,<2  X  10’’ cm  The  value  of  2  X  10n  cm  1 
for  ’he  nitrogen  density  is  in  keeping  with  current  thinking 
about  the  likely  atmospheric  conditions  within  a  light  ion 
beam  fusion  reactor. 1 2 


Wt  can  gauge  directly  the  influence  of  a  nitrogen  atmo¬ 
sphere  of  about  1 3  Torr  upon  the  maximum  electron  density, 
peak  electron  temperature  and  ionization  burnout  time  at¬ 
tained  with  I'  =  106  W  cm"2,  for  N0  =  5x  1015  cm-3  by 
reference  to  Fig.  7.  The  full  lines  correspond  to  laser  ioniza¬ 
tion  in  the  absence  of  nitrogen,  while  the  broken  curves  refer 
to  the  case  where  n0  =  2  X 10 17  cm-3.  It  can  be  seen  that  the 
presence  of  the  nitrogen  reduces  both  the  peak  and  the  final 
electron  temperature  by  about  a  third  and  this,  in  effect, 
doubles  the  ionization  time  and  prevents  full  ionization 
(a  =  84%  as  opposed  to  99.9%  for  n0  =  0)  from  being 
attained. 


FIG  6  Dependence  of  electron  denv.ty  lime  histories  on  sodium  density 
assuminga  laser  irradiance  of  10”  W  cm  '  and  a  nitrogen  density  of  2  X  10 

cm  \ 
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MICROCOPY  RESOLUTION  TEST  CHART 

national  BUREAU  Of  SFANDARDS-I963-A 
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5,(0 5  5.10 


Sodium  Density 
Nos  5«IOl9cm-3 

Nitrogen  Density 
no  =  /0  (P) 

l2,IOl7cm"S(Q) 

\¥--  lO^W/cm2 


TIME  (nssc) 

FIG.  7.  A  comparison  of  the  temporal  variation  in  electron  density  N ,, 
electron  temperature  T,  and  ion  temperature  T„  with  |2x  10n  cm'1]  and 
without  nitrogen,  assuming  a  laser  irradiance  of  10*  W  cm  " 2  and  a  sodium 
density  of  5  x  10”  cm 


TIME  (nsec) 

FIG.  8.  A  comparison  of  the  temporal  variation  in  the  electron  density,  the 
resonance  state  density  and  the  absorbed  laser  power  density  Q 1  (W  cm  ~ 3), 
with  (2  X 1017  cm  " 3)  and  without  nitrogen  assuming  a  laser  irradiance  of  106 
Wcm"!  and  a  sodium  density  of  5 X 10”  cm " 3. 


The  difference  in  the  power  density  extracted  from  the 
laser  field  Q under  these  same  conditions,  can  also  be  seen 
from  Fig.  8,  where  the  temporal  variation  in  Q 1  is  presented 
with  that  of  both  the  resonance  state  N2  and  electron  densi¬ 
ties  N, .  Clearly,  although  Q 1  reaches  a  peak  where  the  pro¬ 
duct  AT2JV,  is  a  maximum  for  both  n„  =  0  and  n0  =  2  X 10'7 
cm  "  \  implying  that  electron  superelastic  quenching  always 
dominates  the  peak  absorption.  It  is  quite  apparent  that  the 
presence  of  the  nitrogen  significantly  increases  the  laser 


power  density  required  before  and  after  this  peak.  We  shall 
return  to  this  point  in  the  next  section. 

In  Fig.  9,  we  present  the  variation  of  the  75%  ionization 
time  rs  with  laser  irradiance  for  W0  =  5  X 1 0 1 5  cm  _  3,  n0  =  0 
(•  points)  and  n0  —  2x  1017  cm-3  (°  points).  The  full  and 
broken  curves  are  respective  fits  to  these  data  by  a  relation  of 
the  form 


a 

</>  200 


Sodium  Density  No  s  5«I015  cm-3 
Nitrogen  Density  "o  *  ,|qi7  cm-3 


<  100 

N 


FIG.  9.  Variation  of  the  75%  ionization 
time  with  laser  irradiance  for  sodium  densi¬ 
ty  5  XlO15  cm  1  assuming  a  zero  and 
2  X  10'7  cm  '  density  of  nitrogen.  LIBORS 
code  points  (•)  for  n„  =  0  and  (o)  for 
n, |  =  2  X  10’ 7  cm  '.  Curves  are  analytical 
fits  to  the  points  of  the  form  t„ 

=  \a  +  b\I'V)  '. 


I07  I08 

LASER  IRRADIANCE  I^Wcm-2) 
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We  can  see  from  Fig.  9  that  for  values  of  laser  irradiance 
ranging  from  106  to  10’  W  cm-2,  the  sodium  vapor  ioniza¬ 
tion  time  is  roughly  doubled  in  the  presence  of  13  Torr  of 
nitrogen  as  a  result  of  electron  cooling. 

E.  Nitrogen  effects  on  laser  requirements  for  plasma 
channel  creation 

We  shall  now  proceed  to  estimate  the  energy  density  of 
the  laser  pulse  needed  to  create  a  plasma  channel  of  length  L 
in  sodium  vapor  of  initial  atom  density,  N0  =  5  X 10IS  cm  -3 
in  the  absence  of  any  nitrogen  background  gas.  We  shall  then 
recalculate  the  energy  density  required  in  the  presence  of  1 3 
Torr  of  nitrogen  (i.e.,  n„  =  2x  1017  cm-3).  As  previously 
shown6  the  ionization  time  increases  with  depth  because  as 
the  laser  pulse  bums  its  way  through  the  sodium  vapor  its 
irradiance  decreases.  This  will  mean  that,  even  if  the  original 
laser  pulse  were  step-like,  its  temporal  nature  will  change 
with  penetration  into  the  vapor  column.  Although  we  are 
currently  working  on  this  complex  problem  the  analysis  in¬ 
cluded  in  this  report  assumes  that  we  are  always  dealing  with 
a  step-like  laser  pulse.  We  therefore  assume  that  the  laser 
energy  density  required  to  create  a  plasma  channel  can  be 
written  in  the  form 

E'o^l'oSs,  (22) 

where  7q(W  cm-2)  represents  the  incident  laser  irradiance 
and  ■/g  (sec)  represents  the  75%  ionization  time  after  a  pene¬ 
tration  depth  L  (cm).  Under  condition  of  laser  saturation  it 
has  been  shown6  that  the  laser  irradiance  at  the  end  of  the 
channel  length 

/'=/'-G'T.  (23) 

This  relation  assumes  that  the  laser  power  density  absorbed 
is  independent  of  the  laser  irradiance  (and  therefore  posi¬ 
tion).  This  is  not  strictly  true  for  1 1  £  107  W  cm  -  2,  as  can  be 
seen  from  Fig.  10.  The  deviation  from  constant  Q 1  is  due 
primarily  to  the  growing  importance  of  single  photon  ioniza¬ 
tion  at  the  higher  values  of  laser  irradiance.  Thus  to  be  con¬ 
servative  we  shall  in  fact  write 

I'f-l'o-QLtL.  (24) 

where  Q  'maK  is  taken  to  be  the  peak  value  of  Q 1  correspond¬ 
ing  to  the/'  =  10"  W  cm-2  runs,  i.e., 

QL^QLAN0,n0,I'=m.  (25) 

The  ionization  burnout  time  from  Eq.  (21)  becomes 
Ar  (Nn,nnJ  o  ,L )  =  ( a\Nn,n0) 

+  b(N0,n0)\K  -eLx^l")  (26) 

and  from  Eq.  (22) 

£'(WU) 

= - — - .  (27) 

a(A0,*0)  +  b{N0,n0)\I'0  -Q'm„L  }*«*■> 

The  values  of  a,  b,  and  x  were  obtained  for  the  two  sets 
of  runs  shown  in  Fig.  9,  and 

2.9X  10'  W  cm-1  for«(,  =  0 
3. Ox  105  W  cm-3  for  n()  =  2x  1017  cm-3. 
Equations  (26)  and  (27)  were  used  to  show  the  variation 


TIME  (nsec) 

FIG.  10.  Dependence  oflaser  absorbed  power  density  Q'  time  history  upon 
laser  irradiance  for  sodium  density  of  5  x  1015  cm  ~ 5  assuming  zero  (full 
curves)  and  2 X  1017  cm-3  nitrogen  (broken  curves). 


of  the  laser  energy  with  laser  pulse  length  (chosen  to  achieve 
at  least  75%  ionization  along  a  5  m  long  channel  of  1  cm2 
cross  sectional  area)  and  the  results  presented  in  Fig.  11.  The 
full  curve  assumes  N0  =  5  X 10' 5  cm-3  and  n0  =  0,  while  the 
broken  curve  assumes  N0  =  5x  1015cm3and  n0  =  2x  10'7 
cm-3.  Clearly  the  former  situation  leads  to  a  minimum  laser 
energy  density  E 'min  =  7.4  J  cm-2,  a  corresponding  laser 
pulse  duration  A  =  35  nsec  and  l'0  =  2. 1 1 X 108  W  cm-2, 


0  50  100  150 

LASER  PULSE  DURATION  TO  ACHIEVE  75%  IONIZATION 
AT  END  OF  5m  CHANNEL ,  T^(  N  SEC ) 

FIG.  1 1 ,  Variation  of  laser  energy  density  E ;  |J  cm  :)  with  laser  pulse 
duration  necessary  to  achieve  75%  ionization  at  the  end  of  a  5  m  channel  in 
sodium  vapor  at  5x  10”  cm  3  and  in  sodium/nitrogen  (5x  10” 
cm  '/2  X  10”  cm  ')  atmosphere 
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CHANNEL  LENGTH,  L  (cm) 


FIG.  1 2.  Dependence  of  the  minimum  laser  energy  density  E  J„in  (J  cm  2) 
necessary  to  achieve  75%  ionization  burnout  at  the  end  of  channel — upon 
the  channel  length,  assuming  sodium/nitrogen  atmospheres  of  (5  X  10" 
cm  ’/zero)  and  (5 XlO1' cm  72xlOl7cm 


while  the  latter  case  gives  E'mm  =  17.2  J  cm  'V  =  80  nsec 
and /'  =  2.15X  10K  W  cm~2. 

We  see  that  although  the  presence  of  13  Torr  of  nitro¬ 
gen  increases  the  minimum  laser  energy  density  required  for 
creating  a  5-m  plasma  channel  from  7.4  to  17.2  J  cm-2,  this 
is  not  excessive.  Furthermore,  the  actual  laser  energy  re¬ 
quired  to  create  such  a  channel  is  still  less  than  2  J  if  a  0. 1  cm2 
channel  cross  sectional  area  is  acceptable  and  consistent 
with  laser  beam  divergence  and  beam  shaping  optics.  It 
should  also  be  noted  that  the  increase  in  the  laser  pulse  dura¬ 
tion  (35-80  nsec)  is  also  reasonable  as  it  would  lead  to  an 
ionization  time  that  is  well  within  the  time  required  to  avoid 
turbulent  breakup  of  the  channel  ( >  1  ^zsec). 

In  Fig.  12  we  have  evaluated  the  variation  in  the  mini¬ 
mum  laser  energy  density  with  length  required  to  achieve  at 
least  75%  ionization  in  pure  sodium  vapor  at  about  300 
m  Torr(iV0  =  5x  10' '  cm’)  and  in  the  presence  of  about  13 
Torr  (n0  =  2x  1017  cm'7)  of  nitrogen. 

III.  CONCLUSIONS 

An  inertial  confinement  fusion  reactor  based  upon  light 
ion  beam  drivers  will  require  an  efficient  means  of  transport¬ 
ing  the  ion  beams  across  the  reactor  to  the  fuel  pellet.  It 
appears  that  multiple  plasma  discharge  channels  could  ac¬ 
complish  this  task.  One  of  the  most  attractive  methods  of 
ensuring  that  these  discharge  channels  are  straight,  well  de¬ 
fined  and  brought  to  a  common  focus  is  to  create  a  system  of 


well-ionized  plasma  channels  prior  to  striking  the  dis¬ 
charges.  Laser  ionization  based  on  resonance  saturation  of  an 
alkali  vapor  has  been  proposed  as  ideal  for  the  task  of  form¬ 
ing  such  highly  ionized  plasma  channels  very  rapidly  with  a 
relatively  low  energy  laser. 

The  purpose  of  the  present  study  was  to  evaluate  wheth¬ 
er  the  presence  of  an  appreciable  background  of  molecular 
nitrogen  was  likely  to  effectively  degrade  this  means  of  creat¬ 
ing  the  discharge  guide  channels,  or  increase  the  laser  energy 
requirement  to  the  point  where  it  might  become  impractical. 
In  an  attempt  to  compensate  for  the  many  poorly  known 
cross  sections  used  in  our  analysis  we  have  been  conservative 
wherever  possible.  Thus,  although  the  accuracy  of  our  anal¬ 
ysis  may  not  be  better  than  a  factor  of  two  we  feel  that  our 
conclusions  will  be  reliable. 

Our  conclusions  are: 

(i)  The  primary  effects  of  the  nitrogen  background  gas 
upon  LIBORS  are  to  cool  the  free  electrons,  thereby  increas¬ 
ing  the  ionization  time,  and  to  increase  the  laser  energy 
requirement; 

(ii)  Near  to  fully  ( >  80%)  ionized  channels  can  be  rapid¬ 
ly  created  within  a  sodium  (or  lithium)  seeded  nitrogen  at¬ 
mosphere  providing  the  alkali  is  present  at  a  concentration 
of  greater  than  0.5%; 

(iii)  If  the  nitrogen  density  within  a  reactor  is  expected 
to  be  about  2x  1017  cm-3,  then  an  electron  density  of  close 
to  5  X  1015  cm-3  can  be  created  over  a  5  m  path  with  a  sodi¬ 
um  density  of  5  X  10,s  cm-3,  provided  the  laser  energy  den¬ 
sity  is  at  least  17.2  J  cm-2  and  the  pulse  duration  is  about  80 
nsec; 

(iv)  If  the  electron  density  required  to  create  a  discharge 
guide  path  is  only  1013  cm-3,  then  both  the  alkali  seeding 
and  the  laser  energy  requirements  could  be  considerably 
relaxed. 

(v)  The  presence  of  nitrogen  not  only  cools  the  free  elec¬ 
trons  but,  in  quenching  the  laser  pumped  species,  is  itself 
directly  heated.  This  could  further  improve  the  channel  ca¬ 
pabilities  of  LIBORS  through  the  creation  of  a  low  density 
core  to  the  channel. 

In  light  of  our  encouraging  theoretical  results  we  would 
recommend  that  an  extensive  experimental  program  be  un¬ 
dertaken  to  test  our  conclusions  and  to  see  if  plasma  chan¬ 
nels  created  through  laser  resonance  saturation  offer  any 
advantages  over  other  approaches  towards  the  formation  of 
discharge  guide  channels.  In  particular,  it  would  be  worth 
comparing  LIBORS  with  direct  photoionization  (either  sin¬ 
gly  or  two-photon)  techniques.  The  latter  only  provides  ener¬ 
gy  to  the  free  electrons  upon  their  creation  while  in  LIBORS 
the  laser  continues  to  provide  energy  through  superelastic 
energy  conversion.  This  could  be  important  when  an  elec¬ 
tron  cooling  background  gas,  such  as  nitrogen,  is  present. 
Another  important  difference  expected  between  direct  pho¬ 
toionization  and  LIBORS  is  the  predicted  gas  heating  asso¬ 
ciated  with  the  latter.  This  leads  to  the  formation  of  a  hot, 
low  density  core  to  the  channel. 

It  is  expected  that  the  choice  between  the  competing 
laser  techniques  for  creating  the  discharge  guide  channel 
will  probably  be  made  on  the  basis  of  which  technique  can 
create  a  channel  that  is  of  high  enough  quality  to  ensure 
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efficient  transport  for  the  ion  beams  at  a  laser  energy  that  is 
small  enough  to  avoid  appreciable  pellet  preheat.  We  feel 
that  LIBORS  will  prove  to  be  the  most  suitable  technique 
when  all  factors  are  taken  into  consideration. 

ACKNOWLEDGMENTS 

Work  supported  by  the  U.S.  Sandia  National  Laborato¬ 
ry  under  Contract  No.  49-2859A  and  a  Grant  from  the  Nat¬ 
ural  Science  and  Engineering  Research  Council  of  Canada. 


'J.  N.  Olsen,  D.  J.  Johnson,  and  R.  J.  Leeper,  Appl.  Phys.  Lett.  36,  808 
(1980). 

2S.  L.  Sandel,  S.  C.  Young,  S.  J.  Stephanakis,  F.  W.  Oliphant,  G.  Cooper- 
stein,  S.  Goldstein,  and  D.  Mosher,  Bull.  Am.  Phys.  Sex:.  24, 1031  (1979). 
JR.  J.  Freeman,  L.  Baker,  P.  A.  Miller,  L.  P.  Mi*,  J.  N.  Olsen,  J.  W.  Pou- 
key,  and  T.  P.  Wright, "  Electron  and  Ion  Beam  Transport  to  Fusion  Tar¬ 
gets,”  Sand.  79-0734C,  Sandia  Laboratories,  1979, 

4J.  N.  Olsen  and  L.  Baker,  Bull.  Am.  Phys.  Soc.  25,  899  (1980). 

’J.  N.  Olsen  and  R.  J.  Leeper,  "Propagation  of  Ion  Beams  in  Laser-Initiat¬ 
ed  Discharge  Channels,”  Paper  2C1,  presented  at  the  1981  IEEE  Interna¬ 
tional  Conference  on  Plasma  Science,  Sante  Fe,  N.  M.,  18-20  May  1981. 


‘R.  M.  Measures,  N.  Drewell,  and  P.  Cardinal,  J.  Appl.  Phys.  50,  2662 

(1979). 

7D.  J.  Ehrlich  and  R.  M.  Osgood,  Jr.,  Appl.  Phys.  Lett.  34, 655  ( 1979). 
*R.  M.  Measures  and  P.  G.  Cardinal,  Phys.  Rev.  A  23, 804  (1981). 

®R.  M.  Measures,  P.  G.  Cardinal,  and  G.  W.  Schinn,  J.  Appl.  Phys.  52, 
1269(1981). 

I0G.  A.  Moses  and  R.  R.  Peterson,  Nucl.  Fusion  20,  849  (1980). 

MR.  R.  Peterson,  G.  W.  Cooper,  and  G.  A.  Moses,  “Cavity  Gas  Analysis  for 
Light  Ion  Beam  Fusion  Reactors,”  University  of  Wisconsin  Report  No. 
371, 1980. 

>2J.  N.  Olsen  (private  communication). 

nA.  V.  Eremin,  A.  A.  Kulikovskii,  and  I.  M.  Naboko,  Opt.  Spectrosc. 
(USSR)  49, 9  (1980). 

,4J.  C.  Y.  Chen,  J.  Chem.  Phys.  40, 3513  (1964)  (see  also  Ref.  23). 

I5S.  C.  Brown,  Electron-Molecule  Scattering  (Wiley,  New  York,  1980). 

“A.  Herzenberg,  J.  Phys.  B  i,  548  (1968). 

I7D.  T.  Birtwistle  and  Z.  Herzenberg,  J.  Phys.  B  4,  S3  (1971), 
l,H.  Petschek  and  S.  Byron,  Ann.  Phys.  1, 270(1957). 

'®J.  F.  Clarke  and  M.  McChesney,  Dynamics  of  Relaxing  Gases  (Butter- 
worth,  Boston,  1976). 

20N.  Chandra  and  A.  Tomkins,  NASA  TND-8347,  (1976). 

21R.  M.  Measures,  J.  Appl.  Phys.  39,  5232  (1968). 

22E.  Bauer,  E.  R.  Fishei.and  F.  R.  Gilmore,  J.  Chem.  Phys.  51,4173(1969). 
23H.  F.  Krause,  J.  Fricke,  and  W.  L.  Fite,  J.  Chem.  Phys.  56, 4593  (1972). 
24A.  N.  Nesmeianov,  Vapour  Pressure  of  the  Elements,  translated  by  J.  I. 

Carasso  (Academic,  New  York,  1963),  p.  443. 

25J.  Weiner  and  P.  Polak-Dingels,  J.  Chem.  Phys.  74,  508  (1981). 


5551 


J  Appl.  Phys.,  Vol.  53,  No.  8,  August  1982 


Measures.  Wong,  and  Cardinal 


5551 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  fW ten  Data  Entered ) 


REPORT  DOCUMENTATION  PAGE 


T.  report  number 


Ms 


OSR 


-TR-  8  3-0134 


A.  TITLE  (and  Subtitle) 

THE  APPLICATION  OF  LASER  RESONANCE  SATURATION 
TO  THE  DEVELOPMENT  OF  EFFICIENT  SHORT  WAVELENGTH 
LASERS 


7  AUTHORfs; 

Dr.  R.  M.  Measures 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


3.  RECIPIENT’S  CAT  ALOG  NUMBER 


3>a 


5.  TYPE  OF  REPORT  ft  PERIOD  COVERED 

Annual ,  period  ending 
Sept.  30.  1982 


6.  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERf»J 


AFOSR  80-0057# 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

University  of  Toronto,  Institute  for  Aerospace 
Studies,  4925  Dufferin  Street, 

Downsview,  Ontario,  Canada,  M3H  5T6 


It.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Air  Force  Office  of  Scientific  Research/NA 
Bldg.  410,  Bolling  Air  Force  Base,  D.C.  20332 


10.  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  A  WORK  UNIT  NUMBERS 


Ip  I  lo.)  r 


PTT 


13.  NUMBER  OF  P0GES 


14.  MONITORING  AGENCY  NAME  &  ADDRESSf//  different  from  Controlling  Office)  15.  SECURITY  CLASS,  (o ///»/»  report) 

UNCLASSIFIED 


t5».  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 


16.  DISTRIBUTION  STATEMENT  (o I  this  Report) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  30,  It  ditterent  tram  Report) 


19.  KEY  WORDS  (Continue  on  reverse  side  It  necessary  and  identity  by  block  number) 

1.  X-ray  lasers,  2.  Sodium  plasma,  3.  Laser  resonance  saturation,  4.  Laser 
ionization,  5.  Exploding  foils,  6.  Near  resonance  absorption  photography, 

7.  Stark  broadening,  8.  Electron  density  measurements,  9.  Spectral  hole  burning, 
10.  Atom  density  measurements,  11.  Charge  exchange  collisions,  12.  Ground  level 
inversion.  13.  Laser  diagnostics.  14.  Alkali  oven.  _ 


20.  ABSTRACT  (Continue  on  reverse  side  If  nece  s  sary  and  identify  by  block  number) 

Laser  resonance  saturation  represents  an  extremely  rapid  and  efficient  new 
method  of  coupling  laser  energy  into  either  a  gas  or  plasma.  We  have  continued 
to  study  this  process  both  theoretically  and  experimentally  and  have  shown  that 
this  interaction  can  lead  to  a  very  high  degree  of  ground  level  burnout  for  the 
laser  pumped  species.  During  the  past  year  we  have  undertaken  the  first  time 
resolved  Stark  width  measurements  of  the  free  electron  density  within  a  sodium 
plasma  created  by  laser  resonance  saturation.  Currently  we  arc  exploring 


UNCLASSIFIED 


Sf.CURlTY  CLASSIFICATION  OF  THIS  PAGE  (I'.hrn  Data  tn'bred) I 


DD  1  JAN  73  1473  EDITION  OF  1  NOV  66  IS  OBSOLETE 


SECURITY  CLASSIFICATION  OF  This  PAGEflVhen  Data  Entered) 

- - ~ -  "  - - - - - - *— - - - - - - - 

the  feasibility  of  using  this  ground  level  burnout  feature  as  the  basis  of  a 
new  approach  towards  the  development  of  an  efficient  short  wavelength  laser. 
In  a  preliminary  experiment  we  have  been  able  to  show  that  sudden  joule 
heating  of  a  thin  foil  looks  promising  as  a  technique  for  creating  the  steep 
gradient  of  neutral  atoms  necessary  for  charge  exchange  formation  of  a  ground 
level  population  inversion  within  the  species  having  suffered  a  ground  level 
burnout  through  laser  resonance  saturation. 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  of  TU.>  P  AOEflFJ-itn  Hitt*  F.nlrrrd) 


